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THE 


PHYSICAL REVIEW. 


ON THE IRREGULARITIES OF MOTION OF THE FOUCAULT 
PENDULUM. 


By A. C. LONGDEN. 


Synopsis. In a brief historical statement, emphasis is put upon the current 
opinion that a Foucault pendulum must be very long and very heavy in order to 
be successful. It is then shown that the elliptical motion so common in Foucault 
pendulum experiments is not due to insufficient length or weight, or even to atmos- 
pheric disturbances, but simply and solely to unequal freedom of motion in dif- 
ferent directions. The disturbing influences are within the pendulum itself. Dif- 
ferent forms of support and suspension are discussed, and methods of eliminating 
the disturbing influences are suggested. What the author describes as a double 
roller support is shown to be superior to any other form of support thus far proposed. 
With this support and a perfectly annealed double bifilar suspension, a 244-meter 
pendulum weighing a single kilogram succeeds perfectly. 


HE pendulum experiment of Léon Foucault, by means of which he 

demonstrated the axial rotation of the earth, is held in reverence 

by physicists and astronomers, not simply as one of the successful experi- 

ments of the nineteenth century, but as one of the brilliant experiments 
of all time. 

Foucault began his work on this problem with a pendulum not more 
than 2 meters long, but finding the results unsatisfactory, he increased 
the length to 11 meters, and finally, under the great dome of the Pantheon, 
to 67 meters. Taking advantage of the height of the great cathedral 
towers of Europe, the experiment was more or less successfully repeated 
at Cologne, Reims, Amiens, St. Jacques, and elsewhere, where towers of 
great height could be made available. 

Many attempts have been made to reduce this classic experiment to 
lecture room dimensions, but by common consent the short wire and 
small mass have been condemned as unsatisfactory. More than a score 
of well-known physicists and astronomers are on record as affirming 
that the Foucault pendulum must be very long and very heavy in order to 
give satisfactory results—some say, to prevent cross vibrations or to 
keep the pendulum from falling into an elliptical path. Many insist 
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that it must be set in motion with great care and protected from external 
disturbances, which, it is said, develop irregularities in its motion. Ina 
recent article in a scientific journal on ‘‘A Laboratory Method of Demon- 
strating the Earth’s Rotation,”’ it is stated that the Foucault pendulum 
method is inapplicable in many laboratories because there is no con- 
venient place to hang a sufficiently long and heavy pendulum. 

We shall probably never be quite certain of the exact conditions under 
which Foucault’s celebrated experiment was performed. Our sources 
of information, in addition to the very brief records of the French Acad- 
emy of Sciences,! are the papers published by Mme. Foucault,? ten years 
after Foucault’s death, and the contributions of Lissajous* and Flam- 
marion,‘ published still later. 

Most of the important information concerning the pendulum of the 
Pantheon in its final form, is found in one of the papers in Mme. Fou- 
cault’s “‘Recuile,” entitled “‘Explications sur l’experience relative au 
mouvement de la terre.”” This paper was without date and had not 
been published by Foucault himself, though he is said to have published 
a similar paper in le Journal des Debats in March, 1851. 

That the work was rushed through in great haste is indicated by 
Flammarion’s statement that it was undertaken ‘n January, 1851, and 
Mme. Foucault’s statement that it was presented to the French Academy 
of Sciences, February 3 of the same year. 

The records are not in perfect agreement concerning the dimensions 
of the pendulum in its final form, but the evidence is abundant that it 
consisted of a mass of 28 kilograms, suspended by a steel wire about 67 
meters long, strained somewhat beyond its elastic limit. The fact that 
the wire was greatly strained is important later on. 

A few years ago I set up a 60-foot Foucault pendulum consisting of 
an iron ball weighing about 8 kilograms, suspended by a No. 18 brass 
wire, from a tolerably good though by no means perfect double knife- 
edge support. The ball was provided with a spike at the bottom to 
enable the observer to determine its position, as it moved back and forth 
over a chart provided with a circular scale calibrated in degrees. 

The performances of this pendulum were not very satisfactory and I 
attributed its partial failure to the presence of air currents in the shaft. 
However, after trying the pendulum a number of times, I found that its 
eccentric behavior was repeated over and over again in much the same 


1 Compte Rendu, t. XXXII., p. 135. 
2 Recuile des Travaux Scientifiques de Léon Foucault. Publié par Madame Veuve 
Foucault, Sa Mére. Paris, 1878. 
3 Notice Historique sur la vie et les travaux de Léon Foucault. 
* Notice scientifique sur la pendule du Panthéon. 
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way. I could not convince myself that such regular “irregularities” 
were accidental, and I was quite sure they were not due to the uncertain 
shifting of air currents. 

For the purpose of making a closer study of the Foucault pendulum 
and its behavior, I moved this pendulum to the lecture room, suspending 
the 8 kilogram ball from a more carefully constructed double knife-edge 
support attached to one of the ceiling beams over the lecture table. 
The pendulum was now a little more than 2% meters long. It was 
started swinging by tying the ball back and burning the thread, in the 
usual way. It was allowed to swing through an arc of about 10°. 

A few preliminary experiments gave me reason to believe that none 
of the seemingly irregular movements of the pendulum were in any way 
chance or accidental, but that they could all be produced and reproduced 
under perfectly definite conditions. 

The double knife-edge support used is shown in detail in Figs. 1 and 2. 
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Figs. 1 and 2. 


E, and E, are the knife-edges, ABCD, the rocker, consisting of hardened 
and polished steel plates bolted together at the corners, and F, a brass 
hanger, carrying the wire in a machine screw, G, which facilitates sub- 
stituting one wire for another. 

The upper knife-edge could be raised or lowered by varying the vertical 
distance between the plates of which the rocker was made. This might 
be done by means of micrometer screws, but in these experiments it 
was done by inserting thin metal plates between the upper and lower 
halves of the rocker, as at H, in Figs. 1 and 2. 

With this support the behavior was that of a Blackburn pendulum 
with slightly different periods in two directions at right angles to each 
other. Since the elliptical motion of a Blackburn pendulum depends 
upon the ratio of these two periods, it ought to be possible to adjust 
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the distance between the planes of the double knife-edge support in 
such a way as to get any desired amount of eccentricity, or to eliminate 
it altogether. 

In one of the preliminary experiments with the double knife-edge 
support adjusted at random, the pendulum started on its elliptical path, 
rotating clockwise as viewed from 
above; and I noticed that as the 
minor axis of the ellipse increased in 
length, the shift of the plane of vibra- 
tion of the pendulum, as marked by 
the position of the major axis of the 
ellipse, increased at an abnormal rate. 
After verifying this fact by repeated 
observations, I undertook to investi- 
gate the relation of the length of the 
minor axis of the ellipse, to the posi- 
tion of the major axis. 

I placed a movable index, A, Fig. 
3, upon the circular scale over which 
the pendulum was swinging and 
mounted a scale of millimeters, B, at 
right angles to it at the center of 
the circle. The index consisted of a 
light wooden bar with a screw running through it at the center, and with 
a fine black line running lengthwise along the bar from zero to 180° 
on the scale. 

With a pendulum provided with a sharp spike travelling close to the 
black line on the movable index, and with a suitable lens placed as at 
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Fig. 4. 
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C, in Fig. 3, it is always possible to read the length of the minor axis 
of the ellipse to single millimeters and in many cases to approximate 
tenths of millimeters; while the position of the major axis can be read 
to within 75° with ease and certainty, or to ;}5° approximately. 

Starting the pendulum swinging from north to south, with an amplitude 
of 20 centimeters (an arc of about 9°), I read the length of the minor 
axis of the ellipse, and the angle between the major axis and the meridian 
every 5 minutes for an hour and three quarters. The results are tabu- 
lated below and plotted in the curves shown in Fig. 4. In the column 
marked ‘Direction of Rotation,’’ clockwise or direct is marked ‘‘D,’’ 
and counterclockwise or reverse is marked ‘‘R.”” In the plot, the minor 
axis curve is above and the curve representing the position of the major 
axis in angular displacement from the meridian, and which we shall 
hereafter call the Foucault angle curve, is below. The length of the 
minor axis is in millimeters and the Foucault angle is in degrees, on the 
Y axis. Both are in minutes on the X axis. The full curves are not 
actually drawn, because the points plotted are so close together that it 
was not thought necessary to connect them. 











Time in Minutes. Minor Axis in Mm. | Direction of Rotation. oe ~ Angle in 
egrees. 
0 0 0 

5 8.0 D .65 
10 15.5 " 1.8 
15 21.0 = 3.1 
20 26.2 o 5.0 
25 30.0 a 6.8 
30 32.0 a 9.0 
35 32.5 si 10.5 
40 32.0 - 13.0 
45 30.5 ? 14.9 
50 28.0 - 16.9 
55 24.0 ws 18.5 

60 19.2 6g 19.85 
65 13.0 r 20.8 
70 6.0 = 21.8 
75 0 22.2 
80 8.0 R 22.1 
85 14.0 “6 21.6 
90 18.0 “a 20.3 
95 21.5 ay 18.9 
100 24.0 - 17.7 

















The minor axis curve is certainly a close approach to a simple sine curve. 
It probably would be a perfect sine curve if it were not for the fact that 
the amplitude of the pendulum is diminishing all the time and this 
affects the length of the minor axis of the ellipse as well as the major axis. 
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Note that the length of the minor axis increased to 32.5 millimeters 
in 35 minutes and then diminished to zero at the end of 75 minutes, 
when it crossed the X axis of the plot and the pendulum began to rotate 
counterclockwise. Note also that while the pendulum was rotating 
clockwise, the Foucault angle increased abnormally; but that when the 
pendulum began to rotate counterclockwise, the Foucault angle began 
to diminish. 

The calculated value of the Foucault angle for the latitude of Galesburg 
is 9.83° per hour. The straight-line in the Foucault angle plot, running 
from the origin to the 9.83° point at the 60-minute line, represents this 
value. It will be noted that the plotted curve is much above this line 
most of the time, but that it reaches its greatest height and starts down 
again when the minor axis curve falls below the X axis of the plot, 
that is, when the pendulum begins to rotate counterclockwise. 

At the end of this series of observations the pendulum was accidentally 
thrown out of adjustment. After readjusting, it was started swinging 
in the usual way, but this time it started rotating counterclockwise, 
and continued rotating in that direction during the entire series of 





MINUTES 
Fig. 5. 


observations which followed. That is, it did not complete a half cycle 
and reverse its direction of rotation as it did in the preceding series. 

The curves. for this series are shown in Fig. 5. 

Our first glance at these curves failed to reveal the fact that they had. 
anything in common with those in Fig. 4, but further inspection shows 
that they are alike in the fact that they both show that counterclockwise 
rotation of the pendulum tends to reverse the direction in which its 
plane of vibration is shifting. 

However, I had in Fig. 4 a part of a cycle in which the rotation of the 
pendulum was mostly clockwise, and in Fig. 5 a part of a cycle in which 
the rotation was entirely counterclockwise. 
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It then occurred to me to shorten the cycle, so that I might have an 
opportunity to compare the minor axis curve with the Foucault angle 
curve through several complete cycles, before the amplitude of the 
pendulum became very greatly reduced. This was easily accomplished 
by readjusting the distance between the planes of the double knife- 
edge support, so as to change the length of the pendulum in one direction 
without changing it in the other. 

After adjusting the support for about 3 or 4 cycles per hour, I made 
the series of observations represented in the curves shown in Fig. 6. 





Fig. 6. 


In this series, both readings were made every minute for an hour and a 
quarter. Also occasional readings of the amplitude of vibration of the 
pendulum, along the major axis of the ellipse, for the purpose of deter- 
mining the decrement. 

These curves show in a most striking manner, the relation of the 
elliptical motion of the pendulum to the shift in its plane of vibration. 
In every case, when the direction of rotation changes (when the minor 
axis curve changes sign) the direction of the shift in the plane of vibra- 
tion also changes. Expressing it in another way, whenever the rotation 
of the pendulum is clockwise, the Foucault angle is increasing, and when- 
ever the rotation is counterclockwise, the Foucault angle is decreasing. 
There is a slight time lag as the Foucault angle curve rises, and the 
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reverse as it falls, because the net effect plotted is the minor axis effect 
plus or minus the real Foucault effect. 

At this point I thought my troubles were over, for it now seemed 
that in order to get a normal Foucault angle, it would only be necessary 

to adjust the double knife-edge support for equal 

lengths of the pendulum in both directions. Then 

there would be no elliptical motion, and consequently 

no shifting of the plane of vibration except that due 

to the rotation of the earth on its axis,—the normal 
G Foucault angle. 

I expected to arrive with very little difficulty at an 
adjustment which would eliminate the elliptical mo- 
tion, but all my efforts in this direction were futile. In 

Fig. 7. sheer desperation I abandoned the double knife-edge 
and designed the following ball and plane support: 

In Fig. 7, A, is the edge of a hardened steel plate 30 millimeters square. 
The lower surface of this plate is plane and highly polished. It rests 
at its center upon a polished steel ball, B, which in turn rests in a de- 
pression drilled in the upper side of a square steel rod, the end of which 
is shown at C. The hanger, F, is symmetrical, having four arms (only 
two are shown in the drawing) running obliquely down from the four 
corners of the plate to the small brass plate carrying the machine screw, 
G, through which the suspension wire passes. 

As this hanger was perfectly symmetrical, and the pendulum free to 
swing in any direction from the upper surface of the ball as its point of 
suspension, it seemed that there could be no possibility of elliptical 
motion due to difference of length in two directions. Still the elliptical 
motion persisted. 

In the first experiment with the ball and plane support, the minor 
axis of the elliptical path of the pendulum would increase to a maximum, 
the rotation being in one direction, then the axis would shorten to zero 
and rotation would begin in the opposite direction. These changes in 
the length of the minor axis of the ellipse; accompanied by corresponding 
changes in the direction of rotation of the pendulum, followed each other 
with great regularity. 

This elliptical path seemed to be a splendid example of a resultant 
of two simple harmonic motions at right angles to each other and differing 
in period by a small amount which could be easily calculated, or which 
could be determined experimentally. Since I had eliminated the possi- 
bility of the pendulum having two lengths in different directions, by the 
use of the ball and plane support, I wrongly attributed the elliptical 
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motion to unevenness in the wire, although numerous measurements 
failed to reveal any great lack of roundness and there was nothing to 
indicate imperfections of any kind. I could not see that it would have 
made any difference if the wire had not been round or even if it had been 
more flexible in one direction than in the other, for with the ball and 
plane support, the pendulum was perfectly free to swing in any direction 
and the wire was not expected to bend at all. It was expected to swing 
with perfect freedom from the point of contact between the ball and 
plane. The correctness of this assumption was demonstrated later by 
substituting a flat steel ribbon for a round wire. 

Nevertheless the pendulum behaved as if it had two periods. Further- 
more it always started rotating clockwise, never counterclockwise. This 
fact remained a puzzle until another wire was substituted for the wire 
which I had been using. The two wires were cut from the same piece, 
and were certainly as nearly alike as two wires could well be, and yet 
the pendulum now invariably started rotating counterclockwise—never 
clockwise. 

I immediately hit upon the curl in the wire as the cause of the elliptical 
motion. The wire was brass spring wire, and had been lying in a coil 
about 25 centimeters in diameter, until the ‘‘set’”’ in it was very pro- 
nounced. 

After starting the pendulum a number of times with the new wire and 
getting always the same results, counterclockwise motion at the start, 
I rotated the wire 180 degrees on its own axis, without disturbing either 
the pendulum ball or the support. The wire may be rotated by turning 
the screw G, Fig. 7, without disturbing the hanger, and a similar arrange- 
ment at the bottom enables us to rotate the wire without rotating the 
ball. Now, the pendulum started rotating clockwise. 

In a series of experiments which followed, for the purpose of studying 
the effects of the curl in the wire, I decided not to use the ball and plane 
support on account of its tendency to rotate at the upper surface of the 
ball. 

The ball and plane support has no advantage over a perfectly con- 
structed double knife-edge support. It even has some disadvantages; 
but it at least proved valuable in detecting some of the defects in the 
wire, which perhaps would not have been detected otherwise. 

In order to eliminate the effects due to the rotation of the hanger in 
the ball and plane support, and also the possibility of two periods, 
resulting from lack of perfect adjustment of the double knife-edge 
support, and yet to retain a rotary adjustment of the wire, I designed 
the following torsion head plate support. 
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A, in Fig. 8, is a cast iron cylinder, 30 millimeters long and having an 
internal diameter of 30 millimeters. It is bored true on the inside and 
faced at the ends. B, B, are steel rods, 13 millimeters in diameter, 
screwed into shoulders on opposite sides of the cylinder. These rods 
are held in strong clamps attached to the ceiling beam. C is a brass 
head plate 10 millimeters thick, and turned in the lathe to fit into the 
cylinder as shown. A circular scale, not shown in the drawing, is cut 














Fig. 8. 


upon the edge of the head plate, and a reference mark is placed on the 
side of the cylinder, so that when the head plate, carrying the wire, is 
rotated, its position can be read on the scale on its edge. D is a set 
screw, to hold the head plate firmly in any desired position. There are 
three of these set screws, placed 120 degrees apart, in order to prevent 
any slight tendency to wabble. 

As the wire must bend at the lower edge of the head plate when the 
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Fig. 9. 


pendulum swings, it is important that there should be no looseness at 
this point, and particularly that there should be no greater freedom of 
motion in one direction than in another. 

To realize these conditions, the hole in the head plate was drilled 
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from the upper side and the plate was faced on the lower side afterwards, 
leaving the edges of the hole perfectly sharp at the circumference of the 
wire. The hole was made with a drill a size smaller than the wire. 
The plate was then heated and put in place on the wire by the “shrinking 
on” process. Finally, the wire was bent over and soldered at the upper 
surface of the plate, to prevent its being pulled out when the weight was 
placed upon it. 

It is also important that the ceiling beam or other structural element 
to which this support is clamped, should be as rigid as possible, for it is 
obvious that any lack of rigidity in the support would be likely to offer 
greater freedom of motion in one direction than in another. 

The experiments with this form of support were conducted with a 
steel piano wire a trifle more than a millimeter in diameter, as a suspen- 
sion. The wire had been lying in a closely bound coil, 10 centimeters in 
diameter, and when opened up, the coil expanded to a diameter of 19 
centimeters. 

In the first experiment it was my intention to adjust the torsion head 
so that the convex side of the wire would be in some particular direction, 
—say north; but, as the wire, 214 meters long, curled several times be- 
tween its extremities, the position of the convex side was different at 
different points. It would be difficult to determine the direction in 
which the resultant of all the forces exerted by the wire acted upon the 
pendulum. However, assuming that such a resultant acted in some 
direction and produced a definite effect upon the motion of the pendulum, 
an index was placed upon the torsion head, so that any position arbi- 
trarily chosen could be noted. 

A series of observations was then made, on the position of the plane of 
vibration of the pendulum, and the length of the minor axis of its elliptical 
path, with the index on the torsion head pointing north. The results 
are shown in Fig. 9. The wire was then rotated 45° clockwise (index 
northeast), and another series of observations made. The results are 
shown in Fig. 10. In Fig. 10 and the succeeding figures, the minor axis 
curve is marked A, and the Foucault angle curve, B. Other observa- 
tions were made with the index in other positions as shown in the curves 
down to and including Fig. 16. 

A simple inspection of these curves in pairs leaves no room for doubt 
about the correctness of our inference from the curves in Fig. 6. In 
every case, the dependence of the Foucault angle curve upon the minor 
axis curve is obvious. Whatever the cause of the elliptical motion, the 
effect is a perfectly definite shift in the plane of vibration. In the present 
case, the elliptical motion was due to elastic reactions in a highly 
tempered steel wire. 
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To produce a perfect Foucault pendulum the disturbing effect de- 
pendent upon the double knife-edge is easily controlled by adjustment. 
The effect due to the elastic reactions within the wire, ought to be 
eliminated by annealing the wire. A number of more or less successful 
attempts in this direction were made. 

In one experiment with the torsion head plate support I used a rather 
poorly annealed iron wire. The observations on this wire are shown in 
Fig. 17. I could not believe my observations had been so careless as 
the kinks in these curves indicated, but I repeated the series about 
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Figs. 10, 11, 12. 


sixteen hours later, the pendulum having remained undisturbed during 
the interval. This time I got the results indicated in Fig. 18. 

The curves in Fig. 18 show the same irregularities as those in Fig. 17, 
but in a less pronounced degree. The wire was gradually straightening 
out, under the influence of the weight which was upon it. The ir- 
regularities are less conspicuous in the Foucault angle curves than in the 
minor axis curves. In fact they are not perceptible in the Foucault angle 
curve in Fig. 18. I have drawn a smooth curve through both the 
Foucault angle curves from the 39 minute point to the 82 minute point. 
This hits practically every point on the Foucault angle curve in Fig. 18, 
but shows perceptible variations from it in Fig. 17, at about 58, 72, and 
78 minutes. 
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I then ran a Bunsen burner flame up and down the entire length of 
the wire several times as it hung with the 8 kilogram weight upon it; 
after which, a third series of observations resulted as shown in Fig. 19. 
The kinks are entirely smoothed out of both curves. Evidently I had 
finished annealing the wire. If this wire had not been required to bend 
at the point of suspension, that is, if it had been used with a double 
knife-edge support instead of a torsion head plate support, it might 
have been a good Foucault pendulum after it was perfectly annealed. 

To illustrate the effect of continued bending upon very soft wire I 
cite the following case: The 8 kilogram ball was suspended by a No. 18 





Figs. 13, 14. 


(B. & S. gauge) soft copper wire capable of sustaining a steady pull of 
about 30 kilograms. The upper end of this wire was soldered into a No. 
60 hole (drill gauge size) in a brass torsion head plate. This pendulum 
was started swinging with an amplitude of 20 centimeters and ran with 
no perceptible tendency toward elliptical motion and with no perceptible 
variation from the true Foucault angle, but the wire became brittle and 
broke off close up to the plate after running about five minutes. 

Any wire which is required to bend at the point of suspension must 
not only be perfectly annealed and perfectly round and perfectly homo- 
geneous in all respects, but it must also be free from wear at the point of 
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suspension and it must not be allowed to become brittle at the point 
where it bends. There are so many chances of violating one or more of 
these requirements that we may hardly expect success with a torsion 
head plate support. 

The double knife-edge support is ideal in some respects but it has 
one defect which must be looked upon as serious. The knife-edges 
must be perfectly sharp and the planes upon which they rest must be so 
hard that the knife-edges will not cut them in any degree whatever. 
These are conditions which can not be fully realized, and if realized, 
could not be maintained. Any wear on the knife-edges converts them 
into cylindrical bearings, and any wear on the planes upon which they 


G. 





Fig. 15, 16. 


rest converts them into cylindrical troughs, so that after a time we have 
a cylinder rolling inside of a larger cylinder instead of a knife-edge 
resting upon a plane. The axis of suspension of a pendulum with a 
knife-edge support is at the surface of the plane upon which the knife- 
edge rests; but if a cylindrical roller be substituted for the knife-edge, 
the axis of suspension of the pendulum is no longer at the surface of the 
plane but at the center of the roller. We have therefore changed the 
length of the pendulum by an amount equal to the radius of the cylindrical 
roller. As the knife-edges wear, the effective length of the pendulum is 
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increased in one direction and diminished in the other and our Foucault 
pendulum is gradually converted into a Blackburn pendulum. 

Of course the wear can be compensated for by readjusting the distance 
between the planes, or in some cases by means of a counterpoise above 
the support; but these adjustments are really somewhat difficult to 
make, and as the wear continues the pendulum is never in a perfectly 
satisfactory condition. 

The most satisfactory support which I have been able to construct is 
a double roller support, in which hard polished steel rollers of consider- 
able size have been deliberately substituted for knife-edges. The wear 





Figs. 17, 18, 19. 


is thus reduced to an inappreciable minimum, the radius of curvature is 
perfectly definite and constant and the adjustment when once made is 
permanent. 

This support is simple and easily constructed and possesses a number 
of features which ought to recommend it. The details of construction 
are shown in Fig. 20. 

A is a hard steel plate, 25 millimeters square and 3 millimeters thick, 
with shallow grooves in the upper and lower surfaces at right angles to 
each other as shown at B. The bearing surfaces, C, and the hardened 
steel rollers, D and E, which are in contact with them, are highly polished. 
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A double bifilar suspension, F, is used, consisting of soft copper wire small 
enough to be easily stretched when the weight of the ball, L, rests upon 
it. No. 30 (B. & S. gauge) is a suitable size for a 1 kilogram ball. The 
wire is simply looped over the ends of the upper roller, and under the 
ends of a short crossbar, K, at the top of the ball, ZL. Shallow grooves 
may be cut near the ends of the roller and crossbar, to keep the wire 
from slipping. If the wires are not quite equal in length, they may be 
equalized by carefully administering a gentle pressure directly down- 
ward upon the ball, while the upper roller is held rigidly in a horizontal 
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Fig. 20. 


position. The lower roller, D, acts as fixed support and should be 
rigidly held in its position by means of a strong clamp of some kind. 
If D is mounted in an east and west position, when the pendulum is 
swinging east and west, the upper roller, EZ, rolls on the plate, A. When 
the pendulum is swinging north and south, the plate, A, rocks upon the 
lower roller, D. H is a counterpoise to compensate for the difference of 
length of the pendulum in the two directions. This counterpoise may 
be run up or down on the threaded rod, M. (Threads not shown in the 
drawing.) When H is properly adjusted, the period of the pendulum is 
the same in both directions. There is then no elliptical motion and no 
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shift in the plane of vibration of the pendulum, except that due to the 
rotation of the earth upon its axis. 

In the apparatus which I have just described, the rollers are 6.35 
millimeters in diameter and the counterpoise weighs 140 grams. The 
counterpoise is provided with a circular scale to facilitate fine adjustment. 
Of course the adjustment is affected not only by the mass and position 
of the counterpoise, but also by the thickness of the rollers and the 
thickness of the plate. It is also true that changing the angle between 
the rollers will disturb the adjustment. For this reason, great care 
should be exercised in making other adjustments, not to shift the position 
of the upper roller or the plate. Within small limits, canting the upper 
roller might be used as a method of adjusting. 

It has been shown that the tendency of the pendulum to run in an 
elliptical path may be the result of any one or more of a variety of causes, 
but whatever the cause, we may always develop a counter tendency by 
raising or lowering the counterpoise in the device now under considera- 
tion, and perfect compensation is always possible. Of course, the final 
adjustment must always be made by experiment, and although the 
process may be a little tedious, it is not difficult, and when once made, 
the results are all that could be desired. 

If the amplitude of the pendulum is large, there is a tendency of the 
rollers to slip on the polished surfaces of the plate. I find an amplitude 
of 20 centimeters (40 centimeter path) is very satisfactory for a pendulum 
2% meters long. 

The double roller support used in connection with a double bifilar 
suspension of soft copper wire is so satisfactory that I do not find it 
necessary to use a pendulum having a length of more than 2% meters 
or a mass of more than 1 kilogram. In fact I have been quite successful 
with a pendulum only one meter long and weighing only 240 grams, but 
of course there is no need of going to such an extreme as this, except to 
demonstrate that it can be done. A pendulum weighing a kilogram, 
and swinging over the lecture table, from a rigid beam in the ceiling of 
the lecture room, is ideal. 

Foucault unquestionably succeeded in minimizing his difficulties by 
using a very long and very heavy pendulum, but his results may not 
have been as exact as some of us have supposed. I find nothing in any 
of the original papers or early comments upon them, to indicate a high 
degree of accuracy. Indeed the only statements bearing upon this point 
indicate that the results of the experiment were only approximately 
correct. For example: ‘‘Quoique ces oscillations diminuent d’amplitude 
assez rapidement, au bout de cinq 4 six heures elles sont encore assez 
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grandes pour permettre d’observer la déviation que est alors de 60 a 70 
degrés.”” Or, ‘“‘La montre a la main, ou voit que, a Paris, la déviation 
est du un degré en cing minutes.” 

Such statements can not be thought of as representing precise measure- 
ments. They are good enough to leave no doubt in regard to the general 
proposition that the earth rotates on its axis, but they are not by any 
means exact. If success depends upon great length and great mass, 
Foucault’s results ought to have been very exact. The fact that they 
were not, indicates that there was something else to be reckoned with. 
I have already referred to the fact that his wire was strained beyond its 
elastic limit, and I have no doubt this condition of the wire contributed 
to his success quite as much as its great length. Of course the great 
mass of the ball was responsible for the strain upon the wire, but if the 
wire had been annealed, the great mass would not have been necessary. 

To use a pendulum of very great mass in order to prevent atmospheric 
disturbances is also quite unnecessary. Air currents, if forcible enough, 
do disturb the pendulum slightly, but such disturbances never ‘‘develop 
large irregularities” in the motion of the pendulum, in spite of certain 
ingenious theories intended to explain how they doit. In fact they never 
develop any irregularities at all. They always die out gradually, and at 
the same rate as the decrement in the principal motion of the pendulum 
along the major axis of the ellipse, when the amplitude has been reduced 
to the same value. Would you dare present any other view of the case 
to your students if you were discussing the second law of motion? 

How unimportant slight atmospheric disturbances are, may be indi- 
cated by the fact that I have succeeded perfectly with a 1 kilogram 
pendulum in an ordinary lecture room with all the doors and windows 
open (2 doors and 7 windows) and a good breeze flowing through the 
room. 

The majestic oscillations of the Pendulum of the Pantheon, as Flam- 
marion fittingly describes them, must have produced a profound impres- 
sion upon those who had the good fortune to observe them; but it is not 
possible to. repeat the experiment in every lecture room on such a 
magnificent scale. To reduce the experiment to convenient lecture 
room dimensions, ought to greatly extend its field of usefulness. 


KNox COLLEGE, 
GALESBURG, ILL., 
October, 1918. 
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ON THE DIFFRACTION-FIGURES DUE TO AN ELLIPTIC 
APERTURE. 


By C. V. RAMAN. 


Synopsis. Photographs are shown of the diffraction pattern obtained near the 
focus of a converging pencil of rays from an elliptic aperture. The transiton from 
the Fresnel to the Fraunhofer class of diffraction figure is traced and attention 
drawn to the geometric law to which the pattern conforms, namely, that the bright- 
est part of the diffraction pattern outside the elliptic cross-section of the beam 
lies within the geometric evolute of this cross-section and is bounded by it. 


T is well known that the diffraction pattern at the focus of a con- 
vergent pencil of rays limited by an elliptic aperture is made up of a 
central spot of light surrounded by alternate dark and bright rings 
which are all elliptical in shape, the direction of the major axis of the 
rings being the same as that of the minor axis of the aperture and vice 
versa.1 The distribution of luminosity in the focal plane may be readily 
deduced from the known results for the case of the circular aperture by 
a simple transformation of codrdinates. The theory of the phenomena 
observed in ultra-focal planes is, however, considerably more complicated, 
and so far as the present writer is aware, has never been fully worked out 
for the case of elliptic apertures. Recently, while working in collabora- 
tion with Mr. R. S. Deoras, the writer made some observations on the 
diffraction of light by elliptic apertures for convergent and also for di- 
vergent pencils, and has noticed that the configuration of the fringes 
presents some rather striking geometrical features, particularly in the 
cases in which the eccentricity of the elliptic aperture is considerable. 
It is thought that a brief account of the observations, and the reproduc- 
tions of some of the photographs of the diffraction-figures secured in the 
course of the work (Figs. 2 to 11) may be of interest to the readers of the 
PHYSICAL REVIEW. 

Figs. 2 to 9 represent the gradual transition from the Fresnel to the 
Fraunhofer class as the focus of the convergent pencil is approached. 
In all these cases, the aperture limiting the pencil was of considerable 
eccentricity and had its major axis vertical. The interesting feature to 
which the writer wishes to draw attention is the following simple geom- 
etrical law to which the diffraction-pattern is found to conform. In 

1 Airy’s Tract on the Undulatory Theory of Optics, Section 86. 
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Fig. 1 the heavy lines represent the elliptic cross-section of the geometric 
pencil of rays by the plane of observation, and also the geometric evolute 
of this cross-section. [The ratio of the major to the minor axis of the 
ellipse is taken to be greater than V2, so that two of the cusps of the 
evolute lie outside the cross-section.] Observation shows that the 
brightest part of the diffraction-pattern outside the elliptic cross-section 
lies within the evolute and is, in fact, bounded by it. The complete 
figure of the evolute may be observed visually or even photographed 
with sufficiently long exposures. Beyond the two cusps of the evolute, 
a horizontal brush or extension may also be seen on each side, as shown 
in Fig. 1. The evolute boundary is clearly seen in Figs. 3, 4 and 6, 
though in all these cases, the size of the photographic plate and the 
exposure were insufficient to record the whole of it. 

Obviously, as the plane of observation approaches the focus of the 
convergent pencil, the cross-section of the pencil and the evolute both 
contract and ultimately reduce to a point. The horizontal brushes 
extending from the two cusps of the evolute, however, persist (vide 
Figs. 7 and 8) and break up into beads on both sides which, when the 
focal plane is further approached, ultimately join up and form the 
elliptic rings observed in the Fraunhofer pattern. Altogether, the case 
presents unusually interesting features in the transition from the Fresnel 
to the Fraunhofer class of diffraction-figure. 

Fig. 10 represents the elliptic rings at the focus, for the case in which 
the eccentricity is small. Fig. 11 represents the rings observed in the 
focal plane when a circular reflecting surface held very obliquely forms 
the diffracting aperture. Some degree of asymmetry is observable in 
this figure. 

The writer hopes to be able to present a fuller study and mathematical 
treatment in due course. 


210 BOWBAZAAR STREET, 
CatcuTtTA, INDIA, 
October 20, 1918. 
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REFINEMENTS IN SPHEROMETRY.! 
By G. W. MorrFitt. 


Synopsis. Mechanical Methods.—The shortcomings of the ring spherometer are 
discussed and a new type of contact ring with selected ball bearings for contact 
members, giving greater precision and reliability, is described. A modified instru- 
ment having but one contact is also described. It has certain advantages in some 
cases. 

Optical Methods.—The auto-collimating method, as often used, is limited in its 
precision because of the depth of focus of the optical system. The improvement 
described consists in placing the lens on a nodal slide and adjusting until lateral 
motion of the image in the field of view is no longer noticeable when the slide is 
rotated through an angle. In the caustic curve methods use is made of the aber- 
rations introduced on oblique reflection from a spherical surface. By measuring 
the distance from the primary to the secondary image and multiplying by a factor 
depending upon the arrangement of the apparatus the radius is determined with 
high precision for concave surfaces or for convex surfaces of short radius. This 
method is especially valuable when the element of surface is small. 

Summary.—Surface measured with precision by the various methods described 
are as follows: (1) Mechanical Methods: Concave and convex surfaces of short 
and medium radius, the precision decreasing rapidly as the radius becomes larger. 
(2) Auto-collimating Method: Concave and convex surfaces of short or medium 
radius up to the limit of the slide on the turntable, the precision being high and 
practically independent of the radius. (3) Caustic Curve Methods: Concave 
surfaces of any radius to a high degree of precision, even when the element of surface 
available is too small to be measured by other methods. Convex surfaces of short 
and medium radius to a degree of precision decreasing with increase of radius. 


| eperengrngny in methods for the measurement of spherical lens 

surfaces do not seem to have kept pace with the development of 
processes for shaping the surfaces. To verify the execution of a formula, 
or to ascertain the constructional data of a given lens system without 
destroying it, requires a precise determination of the thicknesses, radii, 
and focal lengths of the individual elements of which the system is 
composed. One can measure the thicknesses with an ordinary microm- 
eter gauge. The focal lengths and color curves may be found by the 
use of a good optical bench equipped with a nodal slide. But with 
methods now in common use it is usually difficult, often impossible, to 
determine the radii with a satisfactory degree of precision. I have been 
led, therefore, to a study of existing methods in spherometry, and in 
consequence, make a few suggestions for their improvement. Some 

1 Communication No. 78 from the Research Laboratory of the Eastman Kodak Company. 
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methods are also given in this paper which seem to possess elements of 
novelty and a limit of precision surpassing that of those now in use. 


I. MECHANICAL METHODs. 
’ The Ring Spherometer. 

Those who may have attempted to verify the curvatures of a lens 
system are familiar with the shortcomings of spherometers even of the 
best ring type, such as that illustrated in Fig. 1. 

A vertical section through the axis of a theoretically ideal spherometer 
ring is shown in Fig. 2a. But for mechanical reasons such a ring cannot 
be made. The cross-section usually employed is that shown in Fig. 20. 





Figs. 2a, 2b, 2c, 2d. 


There are really two diameters, one for convex surfaces, the other for 
concave. But the corners are always more or less rounded and ir- 
regular, making it practically impossible to determine the true value of 
the diameter of the contact circle because it varies in an unknown manner 
with the radius being measured. Being made of soft metal to prevent 
injury to the lens surfaces the ring is easily damaged unless the edge be 
especially protected against rough usage. Even if carefully handled 
the ring will soon show indentations and bends under the microscope and 
these defects introduce further uncertainty in the constants of the ring 
as there is no way of telling to what extent they affect a given deter- 
mination. 
The Ball Ring Spherometer. 

The question naturally arises whether it is possible to give the sphe- 
rometer ring such form that the size and position of the contact circle 
may be accurately stated in every case. 

One answer to the question would be to make the vertical section of the 
ring circular in form as in Fig. 2c. The formula for reducing the readings 
would be of the same general type as before, but the ring would be of 
sturdy form not easily damaged, and not detrimental to the surfaces 
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measured upon it. On the other hand the mechanical difficulties standing 
in the way of making such a ring of truly circular form and cross-section 
make its realization hardly possible. One can, however, accomplish 
the same end by the use of three or four selected ball bearings whose 
sphericity and uniformity of size fall within the required limits of exact- 
ness, conditions which may be easily met. 

A V-shaped circular groove may be turned in a disk of metal whose 
base fits the spherometer as does the usual type of ring (Fig. 2d). After 
the ring has been ground until true the balls may be laid in the groove 
with the disk in place and the instrument is ready for use. It may be 
desirable to fasten the balls in position in the groove by some means 
which will not distort the upper part of the balls. 

With a ring of this type the determination of the constants involves 
nothing but readings that can be made with a high degree of precision, 
In the measurement of the radius of the ball ring there is no guessing 
as to the point on which to set the reading microscope—no setting on ill- 
defined edges whose position seems to change with every change in 
lighting. The personal error in bringing the sharply defined image of a 
ball tangent to the cross wire may be easily determined by comparing 
the results for the diameter of a ball with the results of direct micrometer 
gauge measurements. But by taking the distance from one side of a 
ball to the same side of one on the other end of the diameter of the ring 
the personal equation vanishes in the determination of the diameter of 
the circle through the center of the balls. 

For the ordinary ring spherometer the equation is 


-% 4 
. oh" 2° 
where R is the radius to be determined, d the radius of the contact circle 
—different for concave and for convex surfaces—and h is the sagitta of 
the arc of radius R subtended by the diameter of the contact circle. 
For the ball-bearing contact ring the equation becomes 
a? 
~ 2h 
where r is the radius of the ball bearings and the double sign is to be 
interpreted as meaning two separate cases in which the negative sign is 
used for convex and the positive sign for concave surfaces. Here d 
represents the radius of the circle passing through the centers of the balls. 
For either type of ring the error in a determination may be written 
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for concave and convex surfaces respectively. For the ordinary type 
of ring the last term becomes zero. Other sources of instrumental error 
have been considered, but their effect on the results with any well made 
instrument are small compared to the error from the sources already 
considered. Among those considered were the errors due to lack of 
centering of the ring with respect to the center contact, obliquity of the 
plane of the ring with respect to the direction of motion of the center 
contact, and form of the center contact. All these sources of error 
would be negligible in any instrument constructed with a reasonable 
amount of care. 

The relative merits of the two rings may be compared by assuming an 
average case and determining the maximum error to be expected in a 
determination, obtaining the maximum error by summing the numerical 
values of all the terms on the right-hand side of the above equation. 
Take, for example, the case where d = 10 mm., A = 1 mm. For the 
ordinary ring d may be determined to 0.01 mm., or 0.02 mm. Assume 
that the settings for h can be read to 0.0005 mm. Then the error in the 
determination of h would probably be about 0.001 mm. In the ball 
ring instrument the error in the determinations of d and r need not exceed 
0.001 mm. and the error in the determination of h would be as in the 
first case about 0.001 mm. On the basis of these assumptions the 
maximum error to be expected in the determination of the radius of 
average magnitude would be about 0.15 mm. for the ordinary ring and 
about 0.06 mm. for the ball-bearing ring. 

The gain in precision is not all that could be desired, but it is only one 
of the advantages realized by this modification of the instrument. When 
it is remembered that the error has been reduced to less than half its 
former value, and that the ball-bearing ring will maintain its constants 
for a long time and even stand considerable rough usage without injury, 
the gain is seen to be considerable. 

The error equation shows that for a given value of R the error will be 
smaller the smaller d/h becomes, or for a given lens the larger the value 
of d. But this is limited by the aperture of the lens while / is limited by 
the radius of the*lens face. For a given contact circle the size of the 
ball bearings used does not affect the precision of the measurements. 
Therefore it is possible to use the balls most easily obtained or for other 
reasons most suitable for the purpose. If the lenses to be measured 
are small the balls must be small in order that a ball ring of small diameter 
may be constructed. 

While it may be best to fasten the balls rigidly in place a very service- 
able ring may be made by simply placing the loose balls in the groove 
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if care be taken to see that balls and groove are well cleaned. One set 
of balls and a disk with several concentric grooves will serve for practically 
all lenses whose curvatures are adapted to measurement on the sphe- 
rometer. 

The Single Contact Sliding Stage Spherometer. 

A modification of the ball-bearing ring spherometer which is excellent 
for nearly all measurements made with a spherometer is what I have 
called the single contact slide spherometer. The details of this instru- 
ment are shown in Fig. 3. The troublesome contact ring has been en- 
tirely dispensed with and the center contact rod is inverted so that the 
contact member is at the lower end. In 
the base of the instrument is a sliding 
stage actuated by a micrometer screw 
capable of a range or motion about as 
great as the aperture of the largest lens 
to be measured on the instrument. On 
the stage is mounted the lens carriage 
which should have a short screw-actu- 
ated cross slide which need not be cali- 
brated in any way, as it is used only to 
bring the center of curvature of the lens 
face into line with the axis of the con- YA \\ 
tact shaft. The center contact of this Fig. 3. 
instrument must be of truly spherical 
form. A carefully selected ball bearing of small diameter serves very 
well. As a means of reading the instrument the microscope method is 
entirely satisfactory. 

To use the instrument place the lens on the carriage and clamp in 
place, paying little attention to centering or leveling. Adjust the cross- 
slide until the contact rod reading in the microscope is a maximum— 
or minimum. After this has been done any movement of the main 
slide will cause the contact to move along the circumference of a great 
circle of the lens face. The main slide is then set so that the contact is 
at some point near the edge of the lens and slide and microscope read. 
The slide is then moved until the microscope reading becomes a maximum 
or a minimum and slide and microscope readings again taken. Then 
the slide is an additional distance equal to that already moved and the 
readings taken again. The radius may be computed by means of the 
ball-bearing ring spherometer formula. The last reading made was 
not essential but served as a check on those already taken. On the 
other hand a number of distributed readings may be taken and several 
determinations of the radius made from one set of readings. 
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The advantages of this type of instrument are: 

1. In construction it is much easier to select one ball of precise 
sphericity than it is to select three or four balls of the same size and of 
sufficiently precise sphericity. 

2. There are no instrumental constants to be determined, or rather, 
the constants are determined in the making of the readings. 

3. The instrument affords a means of studying the deviation of a 
surface from the spherical form. 

4. Will measure the radius of curvature when the area of the lens is 
too small to be determined on the ring spherometer. 

Against these advantages may be placed the following disadvantages: 

1. Not as rapid as the ring-type instrument. 

2. Side motion of the contact shaft must be reduced to a minimum. 


II. OpticaAL METHODs. 
Auto-Collimating Methods. 


A number of variations of the auto-collimating methods have been 
proposed from time to time. Of these the one shown in Fig. 4 is perhaps 
the most satisfactory. A short distance in front of the objective of a 
simple reading telescope is placed a lens similar to the objective of the 
telescope itself but in a reversed position. Between the two lenses is 
placed a partly silvered mirror which may be adjusted to reflect the 
light from a distant small source through the front lens onto the face 
of the lens to be measured which is carried in a holder at L. This 
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Fig. 4. 


arrangement gives a better field of view than can be had by the use of 
an auto-collimating eyepiece. It may be shown that the illumination 
at the eyepiece will be a maximum when the product of the transmission 
and the reflection of the mirror is a maximum. If the point of con- 
vergence of the light pencil and the center of curvature of the lens face 
coincide a part of the light will be reflected back through the telescope 
and an image of the source formed at the cross-wires. The lens is 
carried on a slide fitted with scale and vernier by means of which the 
displacement of the lens between settings may be determined. 

In use the slide is first adjusted so that fine dust particles on the face 
of the lens are in sharp focus. The slide is then moved until the source 
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is sharply imaged on the cross-wires. The displacement of the slide 
from one reading to the next is equal to the radius of curvature of the 
lens face. 

Several difficulties are encountered in the application of this method. 
The presence of spherical aberration in the lenses of the instrument may 
cause considerable uncertainty in the settings. The spherical aberration 
may be reduced to a minimum by correct design of the lenses, but even 
then the depth of focus naturally inherent in an optical system of this 
kind renders precise focusing practically impossible. With this in mind 
I have modified the method of determining the correct setting, and have 
investigated the precision obtainable with what may be called the 


Auto-Collimating Nodal Slide Method. 


The lens to be measured is mounted on a nodal slide arrangement 
similar to that used for determining the position of the gauss points of a 
lens (see Fig. 5). In other respects the apparatus is the same as before 
except that the scale and vernier for measuring the displacement between 
settings are now on the turntable of the nodal slide whose support is 
stationary. The method may be applied to a T testing bench by placing 
the telescope on a carriage mounted on one of the cross-tracks of the 
bench and using the regular turntable. 

In use the apparatus is first adjusted as well as may be by focusing. 
Then the turntable is rotated back and forth through an angle limited 
by the aperture of the lens and further adjustment made until there is 
no side shift of the image with respect to the cross-wires during the 
rotation. When this adjustment has been completed the center of 
curvature of the lens face coincides with the axis of rotation of the turn- 
table. To find the reading when the face of the lens is tangent to the 
axis of rotation of the turntable the carriage is moved until fine dust on 
the surface of the lens is in focus. The final adjustment is made by 
rotating the turntable back and forth and further adjusting the slide 
until there is no relative motion of image and cross-wires at the center 
of the field. If this setting cannot be made with sufficient accuracy by 
means of the telescope, because of its low magnification, it may be made 
with the regular high-power microscope on the main track of the bench. 
The distance through which the slide has been moved is, as in the pre- 
ceding case, equal to the radius of curvature of the lens face. 

The error in a determination of a radius by this method will be due 
almost entirely to the error in the setting for the center of curvature 
provided the setting on the axis of rotation has been made with a high 
power microscope. To evaluate this error assume that the center of 
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curvature, C, fails to coincide with the axis of rotation of the turntable 
by a small distance e (Fig. 6). Let R be the true radius of curvature 
of the lens face and A the maximum angle through which the turntable 
may be rotated before the image disappears. Since e will always be 
small in comparison to R the position of the image of O formed by 
reflection from the lens face may be assumed to be at 
a distance 2e from O. Then if x represent the lateral 
shift for a rotation through an angle A 


~ - x A 
| x= 4esin>, or em ces. 
p< If the two lenses of the apparatus be of the same 
focal length x is also the lateral shift of the image 
with respect to the cross-wires. Assuming that a shift 
of 0.02 mm. may be detected and that a rotation of 
i 30° is possible the smallest error in a setting which 
could be detected would be about 0.02 mm. Since 
the lens surface may be placed very accurately tan- 
gent to the axis of rotation of the turntable by means 
of a high-power microscope the above value may be 
taken as a fair estimate of the precision attainable 
with this method for any surface measurable on the 
apparatus. It is interesting to note that the magni- 
tude of the radius has little effect on the precision 


for all surfaces measurable on the instrument. 
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Fig. 6. 


Caustic Curve Methods. 


Unlike the auto-collimating methods just described where spherical 
aberration in the instrument itself entered as a disturbing factor, these 
methods are based upon the aberrations introduced by oblique reflection 
from a spherical surface. I have devised several variations of the general 
method to suit different sets of apparatus from the elaborate lens testing 
bench to a simple travelling microscope, pivot stand, and distant source, 
but the one whose description follows seems best suited to the purpose 
as it involves only measurements of distances. Caustic curve methods 
are especially valuable in cases where the element of lens surface is too 
small to be measured by other methods. In favorable cases the precision 
seems to be limited more by the errors of adjustment of the apparatus 
than by those of making the readings. 

Fig. 7 shows the general arrangement. The light is assumed to be 
coming from the left and to be reflected from the lens face whose center 
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of curvature is at C. The continuation of the spherical surface is repre- 
sented by the dotted line. FN is the caustic curve of reflection in this 
case. It isa portion of a two-arched epicycloid. The axis of the reading 
microscope is perpendicular to the incident light. Lens, light, and 
microscope are so arranged that the chief incident ray is reflected along 
the axis of the microscope. Now if the microscope be moved along its 
axis the two astigmatic images formed by the reflection from the spherical 
surface will be seen one after the other. The primary image is per- 
pendicular to the plane of the paper at PP’, while the secondary image 
lies in the plane of the paper and parallel to the incident rays at SS’, 
that is, the secondary image is located Oa 
along the principal axis of the con- NS. 
cave mirror of which the lens surface. : 
forms an element. The measurement — ¥ 
consists in finding the distance be- 
tween the primary and the secondary 
images. It will be seen that this dis- 
tance multiplied by the proper con- 
stant, which comes out to be 22, 
gives directly the radius sought. It 
may also be easily shown from the 
properties of the curves that the dis- 
tance from the primary image to the 
lens surface, measured along the axis 
of the microscope produced, is equal 
to the distance between the primary 
and the secondary images. This val- 
uable check relation is one of the ad- 
vantages realized by choosing the per- 
pendicular relation between chief incident and reflected rays. If a mod- 
erate magnification be chosen, and there seems to be little gain in pre- 
cision by pushing the magnification beyond a reasonable limit, one is 
able to focus on the lens face and so measure both these distances. 

The procedure in making a determination by means of this method 
would be about as follows: Having placed the lens in rough position the 
secondary image is thrown into the field of the microscope and examined. 
If the image rises or falls in the field of view of the instrument as the 
sharp focus position is passed it is an indication that the center of curva- 
ture of the lens face does not lie in the plane defined by the axis of the 
microscope and the chief incident ray. The lens must be adjusted by 
tipping it in its holder until the secondary image does not rise or fall in 
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the field as the working plane of the microscope is moved through the 
position of sharp focus, but simply diminishes in width and fuzziness, 
passes through sharp focus, and widens again. As will be seen later the 
microscope should be raised or lowered until the sharp image falls across 
the middle of the field. When so adjusted the center of curvature of 
the lens face lies in the plane defined by the incident and reflected chief 
ray. The microscope is next placed so as to receive the primary image. 
This may require a bodily movement of the lens carriage toward or 
away from the source if a simple rotation does not suffice. The focusing 
of the primary is not at all the finding of the best image of a sharp line. 
The line is never sharp on one side. The case is illustrated in Fig. 7, 
in which’ the image sought is in the plane PP’. The image will be 
quite sharp and bright on the edge touching the caustic and will gradually 
fade off toward the other edge which will be limited by the aperture of 
the microscope. As the microscope is moved either way from the 
position of correct focus it is evident that the image will move across the 
field of view, the sharp bright edge leading. Therefore as the true 
position of focus is approached and passed the image moves into the 
field of view with its faint side leading, then, as the true position is 
passed, it reverses its motion and the bright edge leads the procession 
back. The true position of the focus is not easy to locate precisely by a 
simple estimate of the position at which the reversal of motion occurs for 
at this position the lateral movement of the image for a given movement 
of the microscope is small. But at a short distance to either side of the 
point of reversal the motion is easily detected. By making a reading 
when the bright edge, or the first fringe if diffraction fringes show, is on 
a certain mark in the micrometer, and then moving the microscope until 
the true position has been passed and the edge, or bright line, is again 
on the chosen mark the mean of the two readings will give a good deter- 
mination of the setting. The adjustment of the apparatus should be 
so made that the true focus on the primary image occurs when the 
bright edge of the image is in the center of the field of view. The micro- 
scope is then moved back and the reading for the secondary taken. The 
focusing in this case is simply the determination of the sharpest focus 
of a well-defined straight line which should be in focus all the way across 
the field since the secondary, being parallel to the incident light, lies 
parallel to the working plane of the microscope. The microscope is then 
moved up and focused on fine dust on the surface of the lens. As the 
lens surface is at an angle to the working plane of the microscope only a 
part of the field will be in focus at a time. The proper vertical part of 
the field to focus sharply is that in which the bright edge of the primary 
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image was focused. Since the lens is curved in a vertical plane as well 
as in the horizontal care is also required in choosing the horizontal portion 
of the field on which to focus. Evidently the correct portion is that in 
which the secondary was focused when the setting was made on it. If, 
as above noted, the center of the field was used then the focusing on the 
lens face should be made for the center of the field also. 

The radius may be computed from the measured distances between the 
primary and the secondary images by simply multiplying by 22, 
using the distance from the lens to the primary as a check on the work. 
Or the reading on the primary may be disregarded, using only the 
readings on the lens face and on the secondary and multiplying the 
difference by v2. Care must be taken, however, that the setting on 
the lens face is focused in the proper part of the field and this can only 
be determined by a careful observation of the primary focus. The work 
of making the settings is, therefore, not reduced. Various factors affect 
the precision obtainable with the two methods and the one giving the 
best results in any case can be determined only by trial. 

On concave faces where high magnification may be used results of high 
precision may be obtained. A radius of 100 mm. may be determined to 
within a few hundredths of a millimeter. On convex faces where the 
images are virtual and lie at a considerable distance back of the surface 
the working distance of the microscope must be almost as great as the 
radius to be determined. The precision of focusing would be considerably 
reduced. For such surfaces the auto-collimating method previously 
described would probably be preferable. 

Several other adaptations of the caustic curve method have been tried. 
One in particular in which the angle between incident and reflected chief 
rays was so chosen that the distance between the primary and the 
secondary images was equal to the radius sought. But errors introduced 
by a small error in the adjustment of the angle were much greater than 
in the right-angled case. This, and other limitations seemed to indicate 
that the right-angled position would give better results and at the same 
time afford the check readings on the face of the lens. Fig. 8 shows the 
arrangement of the apparatus used in the tests on caustic curve methods. 

By the use of the methods described above one may determine the 
radius of curvature of a polished spherical surface to a degree of precision 
usually quite satisfactory for the needs of optical design. In the case of 
convex surfaces of long radius the precision is sometimes not all that 
could be desired. 


ROCHESTER, N. Y., 
September, 1918. 
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ON THE AUTOMATIC REGISTRATION OF a-PARTICLES, 
B-PARTICLES AND y-RAY AND X-RAY PULSES. 


By A.ors F. KOvVARIK. 


Synopsis. A device is described which makes it possible for a-particles, B-par- 
ticles and y-ray and X-rays pulses to make records automatically on chronograph 
paper, which records can be conveniently and accurately studied at leisure. His- 
torically, the method developed from Rutherford’s method of counting a-particles 
and the last previously described development was by the writer in which he used 
a telephone receiver whose diaphragm was actuated by the current to a needle elec- 
trode, after amplification by means of a 3-electrode vacuum tube. In the present 
method the amplified current actuates a sensitive relay which in turn operates the 
chronograph pen by means of a local circuit. The accuracy of the records was 
checked up for the a-particles by the scintillation method of counting and for the 
8-particles by determining the charge carried by the #-particles. Records of y-rays 
and X-rays are similar to those of the a- and #-particles and some arguments are 
given supporting the idea that the records represent individual pulses or short 
trains of pulses. A record of 8-particles taken over a 7-hour period was studied 
and conclusion deduced that the variations in the number of 8-particles emitted in 
a given time interval follow the probability law. 


INTRODUCTION. 


HE method of counting individual a-particles by the scintillations 
they produce on a fluorescent screen is well established. The 
a-particles have also been counted by the method of ionization by 
collision at low pressures, devised by Rutherford! in connection with his 
experiments on the charge of an a-particle. Rutherford and Geiger? 
modified this method, later, by using a spherical electrode in helium at a 
pressure of about one third atmosphere instead of the wire electrode 
used at very low pressure in air. In this case they substituted a string 
electrometer for the quadrant electrometer which was a marked improve- 
ment. Later, Geiger* used a sharp needle inside of the chamber and was 
able to detect at atmospheric pressure not only a-particles entering the 
chamber but 6-particles also. This method has been used successfully 
in a number of researches by Kovarik and McKeehan,‘ Chadwick,’ and 
1 Rutherford, E., and Geiger, H., Proc. Roy. Soc., A 81, 162, 1908. 
2 Geiger, H., and Rutherford, E., Phil. Mag., S6, 24, 618, 1912. 
3 Geiger, H., Verh. D. Phys. Ges., 15, 534, 1913. 
4 Kovarik, Alois F., and McKeehan, L. W., Phys. Zs., 15, 434, 1914; Puys. REv., N. S., 


6, 426, 1915; Puys. REv., N. S., 8, 574, 1916. 
5’ Chadwick, J., Verh. D. Phys. Ges., 16, 383, 1914. 
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Vennes.! The writer? has used various modifications of the method 
mainly in the observing instruments, Zeleny’s electroscope, C. T. R. 
Wilson’s electroscope, a telephone receiver, and a ballistic galvanometer 
had been used with success for this purpose. These visual or audible 
methods of counting are quite trying on the nerves because close attention 
is necessary on account of the probability law of emission of the particles; 
and long periods of counting are essential because the method is a statis- 
tical one. A self-recording device would therefore be an obvious im- 
provement. Rutherford and Geiger,’ by moving a photographic film 
past the illuminated fiber of a string-electrometer, obtained a photograph 
of the fiber showing deflection of the fiber caused by the discharges 
between an electrode and the surrounding chamber when ionization by 
collision took place in the chamber upon the entrance of individual a- 
particles into the chamber. This has been the only method described 
thus far for obtaining a record of a-particles. 

The method described in this paper makes it possible to get a record 
on a chronograph paper, of individual a-particles or 8-particles or of 
y-ray pulses (?), which may then be studied at one’s convenience and the 
count made with a greater accuracy than is obtainable with the visual 
or audible methods. The accuracy of the method was tested both for 
a-particles and §-particles. The applicability of the law of probability 
to the emission of 8-particles was proved and some experiments were 
made with y-rays. 


THE SELF-REGISTRATION METHOD. 


In the visual method the counting chamber is connected to a fairly 
high positive voltage (about 2,000 volts) and the needle electrode is 
connected to earth through a very high resistance (ink on paper) and 
also to the fiber of the string electrometer or to the gold leaves of the 
other electrometers above mentioned. In the audible method a telephone 
receiver is placed between the needle and earth, if the discharge current 
in the counting chamber is sufficiently large to actuate the diaphragm 
of the telephone receiver; or else, it is placed in the plate-filament 
circuit of an audion amplifier, the needle electrode being connected 
directly to the grid or to earth through the primary of an induction coil, 
the secondary coil being connected to the grid and filament. In the 
auto-registration method, the current between the needle electrode and 
the walls of the counting chamber is amplified by a three electrode 


1 Vennes, H. J., Am. J. Sc., L. 4, 44, 60, 1917. 
2 Kovarik, Alois F., Pays. REv., S. 2, 9, 567, 1917. 
3 Rutherford and Geiger, loc. cit. 
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vacuum tube amplifier and this current is used to operate a very sensitive 
relay which in turn operates a local battery circuit actuating the pen 
on a chronograph. Fig. 1 shows diagrammatically the apparatus used 
and the necessary connections. B is a high potential battery (about 
2,000 volts) whose positive pole is connected to the counting chamber, W, 
the other pole being earthed. If W is made negative a much higher 
voltage is necessary for any given point electrode. E is the needle 
point electrode which is connected through a high resistance, H.R., to 
earth. The high resistance consisted of India ink on paper and was 
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Fig. 1. 


adjustable to different values. The needle electrode is also connected 
to the positive pole of a battery, B: (about 80 volts) the negative pole 
of which is connected to the grid of the audion amplifier. B, is another 
battery (about 160 volts) whose positive pole was connected to the 
plate of the amplifier and the negative pole to earth through the sensitive 
relay, R. The relay operated a local circuit, L.C., which actuated the 
chronograph pen, P’. As indicated in the figure another battery was 
used to heat the filament. A static voltmeter, V, indicated the voltage 
on the counting chamber, and a milammeter, A, registered the plate- 
filament current. The battery Bz on the grid was used to oppose the 
battery B, on the plate and when properly adjusted only a negligible 
current would flow in the plate-filament circuit. When a discharge 
takes place in the counting chamber, the needle electrode becomes 
positively charged and because of the high resistance between it and 
earth, the grid comes momentarily to a higher potential and an increased 
electron current flows to the plate P which, passing through the relay R 
causes the local battery circuit to be closed and thus makes the pen 
register the discharge. The high resistance regulates the duration and 
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partly the amount of the momentary potential on the grid. The sensi- 
tive relay operated on a current of a fraction of a milampere. Fig. 2 
shows a photograph of a portion of a chronograph record automatically 
registered by §-particles entering the counting chamber at the rate of 
160 per minute; and also in the lower portion of the natural discharges 
which occurred at the rate of about 8 per minute. The natural dis- 
charges are caused by the a-particles from the emanation in the air, 
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Fig. 2. 


by radiations from the material of the counting chamber,' by penetrating 
y radiations from the earth and other sources, and are also perhaps 
partly due to imperfect needle points. 

The needle point electrodes require special attention in preparation. 
Ordinary points may cause continuous discharge in the intense electric 
field. The needle electrode for our purposes must respond only when 
ionization is produced by radiations. The writer has experimented on 
many kinds of electrodes: pointed platinum wires, platinum wires with 
minute globules at the end produced by heating the end to melting 
temperature, steel points of various shapes and sizes, tungsten filaments, 
etc. Steel needles, ground to quite fine cylindrical ends and these 
treated in a flame (to slight redness) so as to form a smooth and uniform 
surface, have been found to serve best. The tungsten filament can 
easily be made into a point of any shape by heating (oxidizing) in a 
flame and these points serve quite well in a dry atmosphere and can 
easily be renewed; but humidity seems to affect the surface readily and 
destroy the requisite properties. A point electrode of lasting qualities 
has not yet been discovered. Some point electrodes may be used for 
more than 100 hours continuously while others break down after an 
hour’s use. 

TESTS OF THE METHOD. 

The accuracy of the record is necessarily a function of the mechanical 
contrivances used. The sensitive relay used was tested and found to 
respond 100 times per second when the intervals were uniform but the 


1 It may be noted that a counting chamber of lead gives so large a number of natural 
discharges due to rays from Radium DEF in the lead as to make it useless for this purpose. 
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electromagnet used to operate the pen was less rapid in its action. 
Consequently, particles following each other in a very short interval of 
time may not be recorded. The apparatus as used was found to give 
accurate records up to 400 per minute. Particles entering simultaneously 
would give one record, but the number of these as well as those following 
each other in a very short space of time becomes negligibly small for a 
rate of 100 or 200 per minute. These facts were obtained by varying 
the distance, in vacuo, between the source and the window of the counting 
chamber and finding that the number of a- or 8-particles per minute 
which reached the window varied inversely as the square of the distance; 
also, by varying the size of the window in which case the number varied 
directly with the area. In the latter case the largest area was six times 
the smallest area. 

The counts for a-particles had been made on various polonium plates 
and the check was made by counting the scintillations on a good zinc 
sulphide screen and also by the ionization method at low pressures 
used by Geiger,! which method is, however, based on the scintillation 
method. Checks were always good and some have already been referred 
to in previous papers. Working with the #-particles in previous re- 
searches, Kovarik and McKeehan assumed that all 8-particles were 
counted when the point gave an accurate check for the a-particles and 
when the number of 8-particles counted remained constant with further 
increase of the potential on the counting chamber. This procedure has 
been found correct by the following experiments. 

A check on the count of the 8-particles from a given source was made 
by determining the total number of 8-particles by measuring the charge 
carried by them and assuming each to carry one elementary charge. 
The source used was a radium DEF deposit on aluminum of very small 
area and only the more penetrating rays were used by placing the source 
between two aluminum plates. Radium DEF was used because the 
y-ray effect is small. The plate so employed was flat and consequently 
the radiations through the aluminum envelope were not absorbed equally 
in all directions. To get the count of the total number of particles 
emitted per second by the plate it was necessary to count the 6-particles 
in various directions and integrating. The source was placed axially in 
a brass cylinder lined with thick paper to reduce reflection. At one end 
of this vessel was placed a steel or brass plate having a window covered 
with aluminum of smallest thickness (0.0003 cm.) capable of with- 
standing atmospheric pressure. The counting chamber was placed 
against this window, being insulated from it and the brass cylinder. 

1 Geiger, H., Proc. Roy. Soc., A 82, 486, 1909. 
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The brass vessel was exhausted to a pressure of less than 2 mm. of Hg 
in every case to eliminate absorption and scattering by air which is very 
important, the effect being about 50 per cent. when the source is 10 cm. 
from the counting chamber, for 1 atmosphere of air. The counting 
chamber was at atmospheric pressure. The source was set 10 cm. from 
the window and its plane could be rotated about an axis perpendicular 
to the axis of the cylinder and could thus be set for any angular position 
for which the count was to be made. The source was set at various 
angular positions from 0° to 360° but since the envelope was of uniform 
thickness on both sides the results for corresponding angular positions 
were averaged, and a curve drawn for positions within a quadrant. This 
curve is shown in Fig. 3, where the ordinate for 0°, 4. e., rays coming 


Ancucar Position or THE Source’ 
Fig. 3. 


normally through the envelope, is taken as 100 and represents relatively 
the count of 8-particles in a unit time through the window of the count- 
ing chamber. With the aid of this curve, the actual number counted 
at o°, the area of the window, and the distance of source from the window 
one can determine the number of §-particles emitted into the various 
zones about the source as center. This integration can be made with 
sufficient accuracy by dividing the space into 3 or 4 zones. If 3 zones are 
considered with the source as center and the window of the counting 
chamber at 10 cm. from the source considered as the pole, a being the 
area (3.95 X 10-* cm.”) of the window and WN (1.23 per second) the 
number of 8-particles counted at 0°, the total number of 8-particles per 


sec. is found to be 
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where X, Y, Z are the areas of the zones (for a hemisphere) and P;, Pe, 
P; are the average values of the ratio of the number of 8-particles per 
sec. for the various zones to the number counted at 0°. These ratios 
were obtained graphically from the accurate curve (Fig. 3). A small 
correction had to be made for the y rays of radium D and the natural 
discharges. This was done by obtaining records when a steel or brass 
plate without a window, but otherwise similar to the one used in front 
of the counting chamber, was substituted. -The total number of £- 
particles per sec. for the specimen used came out 1.89 X 10°. 

The source was then placed inside of, but insulated from a metal 
vessel lined with thick aluminum completely enclosing the source except 
for a small hole for the electrode holding the source and the whole was 
then placed inside another vessel which could be evacuated to 10 
mm, Hg. The vessel surrounding the source abscrbed the §-particles 
and the rate at which it charged up was measured by an electrometer, 
the source being alternately connected to positive and negative potential 
varying from 0 to 500 volts. The delta ray effects from the metal of the 
source and the enclosing vessel were found different, as recorded by 
Moseley! in his experiments, but were not so marked in these experiments 
as in his, owing to the small y-ray effect of radium D. A magnetic field 
used similarly as by Moseley showed less marked influence on the results. 
Therefore, the mean of the rate of charging up of the electrometer with 
alternately positive and negative electrostatic fields between the source 
and the charge absorbing vessel, was used. Determinations were also 
made of the negative charge lost by the source and this checked with the 
charge absorbed by the surrounding vessel. The greatest difference 
between the various determinations made was 3 per cent. Assuming 
the electronic charge to be 4.77 X 10" e.s.u., the total number of - 
particles by the charge method came to 1.92 X 105 6-particles per second. 
The number by the self recording method was 1.89 X 10° 8-particles per 
second. The check is much closer than expected and warrants the 
writer to say that the 8-particles are accurately recorded. It is to be 
noted the 8-particles counted were the more penetrating rays of radium 
E (u = 43.3 cm Al). Experiments were also performed with the very 
soft rays of radium D and E and the check was far from satisfactory 
and the results indicated that there are some soft rays which do not 
ionize but which nevertheless carry a negative charge. This particular 
point is being investigated. 

1 Moseley, H. G. J., Proc. Roy. Soc., A 87, 230, 1912. 
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EMISSION OF B-PARTICLES FOLLOWS THE PROBABILITY LAw. 


Since the record obtained on the chronograph is made by the £- 
particles themselves, such a record if made over a sufficiently long 
time would give the law of emission. A similar study was made by 
Rutherford and Geiger! of the law of emission of a-particles in which 
case the observer had to record the scintillations observed. In the 
present case the 8-particles themselves made the record. A record was 
obtained of 37,266 8-particles in 430.6 minutes or a little over seven 
hours. The record was divided into intervals of 0.2 minutes and the 
number of 6-particles in each of the 2,153 intervals was counted. The 
smallest number per interval was 7 and the largest number 31. The 
numbers of intervals containing 7, 8, ---, 31, were tabulated and plotted 
as ordinates against the number per interval as abscissas. To show that 
the experimental results follow a probability curve, the number of 
intervals which should contain any given number of particles was calcu- 
lated from the total number of intervals and the average number of 
B-particles per interval assuming a probability distribution and using 
the formula of Bateman.? If x = average number per interval, and 
P = the probability that m enter per interval, then, 


x* 


Pa-—¢* 
n! 


from which the number of intervals containing n {-particles readily 
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Fig. 4. 


follows. Plotting these values against m we get the curve shown in 
Fig. 4. The observed values are plotted as circles. It will be noticed 
that these points follow the curve fairly closely, falling a little under at 
the low and high values of » and coming somewhat above at the mean 


1 Rutherford, E., and Geiger, H., Phil. Mag., S. 6, 20, 698, 1910. 
2? Rutherford, E., and Geiger, H., Phil. Mag., S. 6, 20, 698, 1910. 
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values. It may be concluded that the variations in the number of 
B-particles emitted in a given interval of time follow the probability law. 


y-Rays AND X-Rays. 


If the counting chamber is made without a window and of material to 
permit no a- or §-particles to enter from the outside, and some radium is 
brought into the neighborhood, discharges between the point and the 
chamber take place and records are obtained which are similar to those 
obtained in the case of the a- or B-particles. The same is true when 
X-rays are passed through the chamber. The number of these dis- 
charges decreases with increase of distance of the source and for the 
y-tays it was shown to follow the law of inverse squares, the distance 
being changed from 10 feet to a couple of inches. If lead screens are 
interposed between the source of y-rays or X-rays and the counting 
chamber, the numbers are decreased. The effect is therefore directly 
connected with the energy of the y-ray and X-ray pulses. It seems 
likely that the 6-particles produced on the inside of the counting chamber 
from the metal (mainly) and also from the air, are directly responsible 
for the point discharges. Whether a pulse produces one or a large 
number of such 8-particles seems immaterial for causing the point dis- 
charge provided that these 8-particles ionize. Toall intents and purposes 
the 8-particles produced by the pulses will act at the same time and 
therefore one discharge will result per pulse or train of pulses. Since 
the records appear similar to those of the a- or 8-particles, in so far as 
distribution with time is concerned and do very likely (although no 
calculations have been made) follow the probability law, it seems likely 
that the y-ray or X-ray pulses or short trains of pulses, are actually 
registered. 

Experiments bearing on this point as well as some unsettled questions 
regarding the y-ray and X-ray pulses are at present in progress and will 
be reported later. 


I desire to express my sincere thanks to the Western Electric Company, 
or the special sensitive relay and the audion bulb, both of which they 
kindly loaned me for my experiments. 

I also wish to acknowledge the assistance of Mr. Walter B. Lang in 
some of the observations. 
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PROCEEDINGS 


OF THE 


AMERICAN PHYSICAL SOCIETY. 


MINUTES OF THE NINETY-SIXTH MEETING. 


HE ninety-sixth meeting of the American Physical Society was held in 
Fayerweather Hall of Columbia University, New York, on February 28 
and March 1, 1919. 

A regular meeting of the Council was held on February 28, five members 
being present, and President Ames presiding. Professor Theodore Lyman, of 
Harvard University, was elected vice-president of the society for the unexpired 
term caused by the death of Professor Wallace C. Sabine. The following were 
recommended to the National Research Council as representatives of the 
American Physical Society in the Division of Physical Sciences: H. A. Bum- 
stead, Wm. Duane, Irving Langmuir, Earnest Merritt, R. A. Millikan, and 
E. B. Wilson. The following were appointed representatives of the American 
Physical Society in the International Astronomical Union: J. S. Ames, Henry 
Crew, and Theodore Lyman. 

Elections to membership were made as follows: to regular membership, 
J. A. Fleming, Carl Hering, Paul W. Merril, Henry Norris Russell; to associate 
membership, Carl Darnell, J. P. Delaney, Carl F. Eyring, Joseph Foster, 
Clifford G. Formd, John G. Homan, Horton W. Hall, G. A. Johnstone, Edwin 
W. Kelly, C. N. Moore, A. M. Mahon, B. A. Orndorff, K. G. Szlupas, Paul B. 
Taylor, Phillips Thomas; transferred from associate to regular membership, 
S. J. Mauchly, Peter I. Wold. 

Sessions for the reading of papers were held in the morning and in the after- 
noon of Saturday, March 1, 1919, at which twenty-seven papers were presented, 
six being read by title. The program was as follows: 

Water Vapor Pressure in Units of Force. ALEXANDER McApie. (Read 
by title.) 

The Thermal Expansion of Living Tree Trunks. C. C. TROWBRIDGE 
(deceased) and MABEL WEIL. 

Pyrometer Absorption Glasses. Paut D. Foote, C. O. FAIRCHILD and 
F. L. MouLER. (Read by title.) 

The Function of Phase Difference in the Binaural Location of Pure Tones. 
R. V. L. HARTLEY. 

Temperature Coefficient of Resistance of Molybdenum. E. C. BLom. 
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Measurement of Small Alternating Currents by Means of a Rayleigh Reson- 
ator. F. R. Watson. (Read by title.) 

An Addition to the Theory of the Quadrant Electrometer. A. H. Compton 
and K. T. Compton. 

Permanent-Contact Crystal Detectors. LouisE S. McDowELL. 

Are the Frequencies in the Series of X-rays the Highest Frequencies Char- 
acteristic of Chemical Elements? WrLLt1AM DUANE and TAKEO SHIMIZU. 

The Spectral Photoelectric Sensitivity of Silver Sulphide. W.W. CoBLENTZ 
and H. Kanier. (Read by title.) 

Some Photoelectric Lecture Experiments. JAcoB Kunz. (Read by title.) 

The Crystal Structure of Carborundum. A. W. HULL. 

A Possible Relation between the Resonance Potential and Specific Inductive 
Capacity of a Metallic Vapor and its Properties in the Solid State. K. T. 
COMPTON. 

Collisions of Slow Moving Electrons with Nitrogen Molecules. S. KARRER. 
(Read by title.) 

The Ionizing Potentials of Argon, Neon and Helium. H.C. RENTSCHLER. 

Note on the Use of the Hot Cathode Vacuum Tube for the Measurement of 
Voltage. LyNnpE P. WHEELER. 

An Interferential Method for Measuring the Expansion of very small 
Samples. C. G. PETERS and IRWIN G. PRIEsT. 

On the Measurement of the Detection Coefficient of Thermionic Vacuum 
Tubes. H. J. VAN DER BIJL. 

The Properties of the Electron as Derived from the Chemical Properties of 
the Elements. IRvinG LANGMUIR. 

The Law of Absorption of High Frequency Radiation. ARTHUR H. Comp- 
TON. 

Some Physical Properties of Dental Materials. C. G. PETERS and W. H. 
SOUDER. 

The Origin of the General Radiation Spectrum of X-Rays. Davip L. 
WEBSTER. 

Note on Bomb Trajectories. Epwin B. WILSON. 

On the Relation Between the K Series and the L Series of X-Rays. WIL- 
LIAM DUANE and TAKEO SHIMIZU. 

A New Formula for the Spectral Distribution of Energy from a Complete 
Radiator. IRwIn G. PRIEsT. 

Transmission of a Quartz Grating Replica. R. S. WeTzEL and WALTER 
SCHWANHAUSER. 

On the Measurement of the True Barometric Pressure in a Rapidly Moving 
Current of Air. J. G. CorFin. 

Dayton C. MILLER, 
Secretary. 














ae THE AMERICAN PHYSICAL SOCIETY. 283 


THERMIONIC AMPLIFIER.! 
By H. J. VAN DER BIJL. 


HE current voltage characteristic of the vacuum-tube amplifier manu- 
factured by the Western Electric Company can be represented by the 
equation 

I = aly Ep + Ec + €)’, (1) 

where J is the current in the filament-plate circuit, Eg the potential difference 

between filament and plate, Ec the potential difference between filament and 

grid, and € a small quantity which depends on the contact potential difference 
between filament and grid, the potential drop in the filament, etc. 

The equation is obtained as follows: Suppose the grid and filament be elec- 
trically connected and a potential difference Eg be applied between them and 
the plate, then the field ata point near the filament is the same as if a potential 
difference Eg + € be applied between the filament and a plane coincident 
with the grid. If a potential difference Ec be also applied between the fila- 
ment and the grid the effective voltage is the sum, namely y Eg + Ec + €. 
The exponent 2 has been found empirically. 

With the help of this equation the amplification equations of the tube can 
be obtained. It shows that the relation between plate current and grid voltage 
is of the same form as the relation between plate current and plate voltage. 
If an alternating voltage e sin pt be applied between grid and filament the cur- 
rent is 


I =a(y Exp + Ec + € + € sin pt)*. (2) 
The admittance of the tube K is given by 
s f* @ 
= oz, 7 AV Ep + Ec + €). 


The impedance is 1/K, and this can be expressed as 


_ Ep + wo (Ec + €) (3) 
7 2I , 3 
where po = 1/y and is the maximum voltage amplification obtainable from 
the tube. 

If a resistance R be placed in the filament plate circuit, the voltage Eg be- 
tween filament and plate does not remain constant, but is given by 


Es = E-RI, (4) 
where E is the constant voltage of the battery in the plate circuit. The char- 
acteristic equation then becomes 

I =a[y(E-R) + Ec +€ + € sin pt}*. (5) 


It is seen from this that the external resistance has the effect of straightening 
out the characteristic. For a perfect amplifier the characteristic must be 


Ro 
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straight, otherwise distortion is produced, because in virtue of the curvature of 
the characteristic an increase in the input voltage (filament grid voltage) pro- 
duces a greater increase in current that the current decrease produced by an 
equivalent decrease in the input voltage. It has been found that if the external 
resistance is equal to or greater than the impedance of the tube itself, the 
characteristic is sufficiently straight to reduce distortion to a negligible quantity. 

Considering now the case in which the circuit contains an external resistance 
R, it is seen that a variation in the current in R due to a variation in the grid 
voltage causes the plate voltage also to be variable, that is, 


I =f (Es, Ec) 








and hence 
dt _ af dEy, at ™ 
dEcg OEpdEc’ dEc’ 
Referring to equations (1) and (4) this gives 
hs d(E — Ri) 
4. €., 
4 ___2a(y Es + Ec + €) 
dEc 1+ 2dyR(yEs + Ec +e) 
Multiplying by R and putting y = 1/uo we obtain 
aT on bo K (7) 
dEc p, Ex + mo(Ec + €)’ ‘ 
— a 


Now KdI is the voltage change set up in the resistance R and dEg¢ is the 
change in the input voltage, so that equation (7) gives the voltage amplification 
» which with the help of (3) can be written 

oR 
at re % (8) 
From this it readily follows that if R; be the input impedance of the tube, the 
power amplification is given by 


ew RR 
~ (R+ Ro - 
and the current amplification by 
an eRe 
=. + Re’ (10) 


These equations have been tested and found to hold with sufficient accuracy 
to serve for the computation of circuits involving thermionic amplifiers. 

It must be remarked that the characteristic equation used here is not suffi- 
ciently accurate to apply in the case in which the tube is used as a radio-detec- 
tor. The detecting action of the tube depends on the second derivative of the 
characteristic, so that when using the tube as a detector a more accurate equa- 
tion for the characteristic is used. 


RESEARCH LABORATORY, 
WESTERN ELEcTRIC Co., 
New YorK. 
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WATER VAPOR PRESSURE IN UNITS OF ForCcE.! 
By ALEXANDER MCADIE. 


HERE are many instructors in physics and chemistry who are not at the 
present time, for good and sufficient reasons, fully conversant with the 
units used by aérographers. 

Probably no one feature of the war, not even the use of gas, nor the success 
of the submersible, stands out so sharply as the development of the airship. 
Whether we be advocates of the plane or the blimp, representing in general 
heavier-than-air and lighter-than-air craft, we all recognize that a new and 
vastly important field of engineering has been opened up in aéronautics, and 
a new and promising field of investigation for the physicist in studies of the 
structure of the atmosphere, more briefly called aérography. 

With the first use of the sounding balloon it became apparent that the 
Fahrenheit scale would have to be scrapped and that the Centigrade scale was 
likewise unserviceable. The reasons are self-evident. And so the tempera- 
tures in all upper air work are given on the Absolute scale. The form used 
however is not the most convenient, and we have been using with success at 
Blue Hill for several years a new form which has been called the Kelvin kilo- 
grade and which has been described elsewhere The zero is the absolute zero 
and the melting point of ice under standard pressure is marked 1000. No 
degree signs are used. The values used later are in these units. 

In upper air work it also became evident that inches and millimeters as 
units for the expression of atmospheric pressure were, like the temperature 
units, out-of-date; and so the aérographic services of many countries, especially 
Great Britain, France and Italy have been expressing pressure in units of 
force. This usage is spreading rapidly. 

So far as I can ascertain credit for the suggestion and first use of an absolute 
unit to express pressure must be given to Professor Theodore Richards. In 
the classic paper on ‘‘ New Method of Determining Compressibility”’ (Carnegie 
Inst., 1903), the bar is clearly defined as the pressure of a dyne per square 
centimeter. The pressure of an atmosphere is expressed as one million bars 
or megabar. For convenience this is written 1,000 kilobars. The pressure 
of the atmosphere at a height of 1 km. is approximately 900 kb., at an elevation 
of 10 km. the pressure is about 300 kb., and at the top of the atmosphere or as 
high as we may hope to explore for some time to come, say 50 km., the pressure 
is as low as 5 kb. 

The use of these units of force has been extended at Blue Hill to measure- 
ments of water vapor pressure. There appears to be no difficulty in using the 
new units and the formule below. 

European aérographic services use the following formule when the cover of 
the wet bulb is not frozen, and it may be noted here that in high level obser- 
vations the temperature is generally so low that the wet bulb is covered with 
ice. No satisfactory solution has yet been reached. 


1 Abstract of a paper presented at the New York meeting of the American Physical Society, 
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With wind velocity 0 to 0.5 m/s (meter per second) 
bs = Pe — .0012 P(t — fi) (1 + f'/s10) 
with wind velocity 1 to 1.5 m/s 
bs = Pe — .0008 P(t — ty) (1 + #/e10) 
with wind velocity exceeding 2.5 m/s 
Pa = Pe = .000656 P(t = th) (1 + fare) 


When the water is frozen, the numerical coefficients .001060, .000706 
.000579, are used, and 610 in the last factor changed to 689. 
We prefer to express the relation in the following form 


bs = be — PK (¢t — #’) 


in which p, is the pressure of the water vapor at the temperature of the dew- 
point or saturation, p, the pressure at the temperature of evaporation or wet- 
bulb, P the pressure of the atmosphere, K a constant which like most con- 
stants varies somewhat (with ventilation of the bulb and probably other 
conditions). All pressures are given in the same unit, kilobar, and all tem- 
peratures in same unit, Kelvin kilograde. The value of K within ordinary 
limits is .00179. For quick determination of vapor pressure, absolute humidity 
and relative humidity, the value of PK may be taken as .18. 

The wind effect is an uncertain quantity. All the tables of relative humidity 
so laboriously compiled by various meteorological services are invalidated by 
the omission of statement of temperature and wind values. Reference is 
made to papers by the author: ‘“‘ New Units in Aérology,”’ PHystcaL REVIEW, 
N.S., Vol. VI., No. 6, December, 1915; “‘Comparative Accuracy of Whirled 
Psychrometer,” etc., PHys. REv., February, 1918. 


THE THERMAL EXPANSION OF LIVING TREE TRUNKS.! 
By C. C. TROWBRIDGE (DECEASED) AND MABEL WEIL. 


HE transverse coefficient of expansion of living tree trunks has been found 
to be extremely large below 0° C. and very much smaller, i. e., of about 
the order of the coefficient of expansion of dead wood, above that temperature. 
In the longitudinal direction a small expansion with rise of temperature was 
noted above the freezing point while an equally small expansion with fall of 
temperature was measured below that point. When, however, the temperature 
fell to about —18° C., a slight contraction with fall of temperature was ob- 
served. This behavior indicates the presence of two processes superposed, 
one a thermal coefficient of expansion, the other a physiological or cellular 
expansion. A lag of the transverse expansions and contractions behind 
temperature changes, also points to the same conclusion. 
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PYROMETER ABSORPTION GLASSES.! 


By Pau. D. Foote, C. O. FatrcHILp AND F. L. MOHLER. 


HE proper methods of using absorption glasses and the choice of a suitable 
absorption glass for extending the high temperature scale are questions 
of considerable importance. The calibration of an absorption glass is given 
by the formula 
1/6 — 1/S =A, 


where @ is the absolute temperature of a black body, S the absolute observed 
temperature with the absorption glass in place and A is in general a function of 6. 

A glass is described for which A is a constant. Various methods of deter- 
mining A are given. The use of two absorption glasses together is discussed 
and several theorems are developed in regard to effective wave-lengths of 
colored glasses, effective wave-length when sighted on non-black radiators, 
etc. A synopsis of the paper will appear in the Journal of the Optical Society 
and the complete paper will be published in the Bulletin of the Bureau of 
Standards. 


THE MEASUREMENT OF SMALL ALTERNATING CURRENTS BY MEANS OF A 
RAYLEIGH RESONATOR.! 


By F. R. Watson. 


HE resonator consisted of a brass cylinder closed at one end by a telephon® 
receiver and open at the other end through a small tube in which a 
Rayleigh disc was suspended by a quartz fiber. Alternating currents sent 
through the telephone receiver set up vibrations of the air in the cylinder that 
caused the disc to rotate, the amount of rotation being noted by the deflection 
of a beam of light reflected from the disc. A 110-volt, 60-cycle alternating 
current gave readable deflections for currents of the magnitude of 1 X 1075 
amperes. Later experiments indicated a greater sensitivity. 

Various modifications of the apparatus were tested. A double resonator 
was made of two resonators similar to the one described connected by a tube 
with the Rayleigh disc in the center of the connecting tube. This arrangement 
allowed the use of two telephones and, being closed from the outside air, elimi- 
nated almost entirely the effect of extraneous sounds. An ordinary Bell 
telephone arrangement of a transmitter, dry cell, induction coil and receiver 
gave deflections for speech and musical sounds. Sensitiveness was increased 
by tuning the resonators and the electrical circuit to the source of sound. 
The frequencies of the currents ranged from 60 to 1,200 per second. 

UNIVERSITY OF ILLITOIS, 
December 1, 1918. 

1 Abstract of a paper presented at the New York meeting of the American Physical Society, 

March 1, 1919. 








288 THE AMERICAN PHYSICAL SOCIETY. Scone 


AN ADDITION TO THE THEORY OF THE QUADRANT ELECTROMETER.! 
By A. H. COMPTON AND K. T. COMPTON. 


HE ordinary theory of the quadrant electrometer is extended to take 

account of a tilt of the needle about its long axis, a vertical displace- 

ment of one pair of quadrants with respect to the other by an amount 6 and a 

vertical displacement of the needle from its position of symmetry by an amount 

bp. Under these conditions, if the slope of the tilted needle is s, the torque due 
to electrical forces is 


T= K, Vino) + 9( Ke 9 + K+ Ke), (1) 


neglecting terms of second and higher order of small quantities. Here V is 
the potential of the needle, v; and v are the potentials of the two pairs of 
quadrants, h is the height of the quadrants, R is the radius of the needle and 0 
is the deflection. 

The terms 


(Ki+ Kit ) V? 


cause the deflection usually observed when the needle is charged. By suitably 
adjusting 6 or p these terms may be made to cancel. Then the remaining 
terms are balanced against the torque K2@ from the suspension, giving 








KiV(gu — 0) = (x, ~ x22 v) 6; (2) 
whence the sensitiveness is 
6 KiV 
e* eon Rd...” (3) 


By suitably adjusting s, 6 and V, the magnitude and sign of the second term 
in the denominator may be varied within wide limits permitting a range of 
sensitiveness, theoretically from zero to infinity, to be obtained with any given 
suspension. 

A model of an electrometer designed to take advantage of these considerations 
is demonstrated. 


PERMANENT—CONTACT CrysTAL DETECTORsS.! 
” By Louise S. MCDOWELL. 


HE following investigation of possible methods of securing a permanent- 
contact crystal detector was initiated by a request from the Signal Corps 
to the Bureau of Standards to investigate a method proposed by Second Lieu- 
tenant Henri Lauer. His proposal to secure a permanent multiple-contact crys- 
tal detector by alternating-current electrolysis was based upon the hypothesis 
that, when immersed in an electrolyte, the rcetifying action of the crystal would 
permit current to flow in only one direction through the sensitive areas and that 
1 Abstract of a paper presented at the New York meeting of the American Physical Society, 
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upon these areas alone there should be a deposit of the metal since the flow of 
current in both directions through the insensitive areas would prevent deposi- 
tion. To the deposits upon the sensitive areas permanent contact could then 
be made by direct-current electrolysis or otherwise. 

Audibility tests made upon two or more detectors in parallel and upon single 
crystals with contacts in parallel to two or more sensitive areas indicated that 
no gain in loudness of signal was to be expected from the use of multiple con- 
tacts. Crystals were further divided into three classes according to the direc- 
tion of flow of the rectified current. Class 1, in which the direction of the 
current was usually from point to crystal, included molybdenite, zincite, 
chalco-pyrites, iron pyrites, and bornite. Class 2, in which the direction of 
current flow varied from one sensitive point to another on the same crystal, 
included carborundum, approximately fifty per cent. of the specimens of 
silicon tested and one or two specimens of galena and molybdenite. Class 3, 
in which the direction of the current was usually from crystal to point included 
galena and fifty per cent. of the silicon tested. 

Alternating-current electrolysis, with currents of 60 cycles and of radio 
frequency, was tried with crystals of class 1. A few adherent deposits of 
copper were obtained, but results indicated that these were due to accidental 
causes, not to rectification by the crystal since (1) only a few of the sensitive 
spots were coated, (2) there were many insensitive deposits, (3) lack of perfect 
adhesion between deposit and crystal increased the sensitiveness when contact 
was made to the deposit. 

With galena, of class 3, an attempt was made to secure a metallic deposit 
upon the sensitive spots by cathode sputtering, using an alternating discharge 
and making the crystal one electrode. Results indicated that under these 
conditions no rectification occurs of a nature to permit deposition upon the 
sensitive areas of the crystal. 

Further attempts to obtain a fixed, sensitive contact by the use of direct- 
current electrolysis, by soldering, and by welding proved unsuccessful with the 
more sensitive crystals such as galena and silicon although partially successful 
with molybdenite and carborundum. The results point to the necessity of a 
high resistance at the contact and suggest that with the more sensitive crystals 
the only satisfactory permanent-contact detector will be one with a mech- 
anically maintained, high resistance contact. 


BUREAU OF STANDARDS, 
WASHINGTON, D. C. 


ARE THE FREQUENCIES IN THE K SERIES OF X-RAYS THE HIGHEST FREQUEN- 
CIES CHARACTERISTIC OF CHEMICAL ELEMENTS?! 


By WILLIAM DUANE AND TAKEO SHIMIZU. 
NUMBER of investigators have found experimental evidence, which 
they interpreted as indicating the existence of radiation or absorption 
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characteristic of a chemical element, and of higher frequency than those of its 
K series of X-rays. On the other hand curves have been published showing 
the emission of X-rays by chemical elements such as rhodium and molybdenum, 
which include rays in the general X-radiation up to frequencies 50 per cent. 
and 75 per cent. greater than those of the K radiation and these curves furnish 
no evidence of the existance of characteristic rays of higher frequency than the 
K absorption frequency. 

In this paper we wish to report to the society the results of experiments on 
the X-rays emitted by an aluminium target. The wave-lengths of the X-rays 
that we have examined lie between .1820 X 1078 cm. and 1.259 X 1078 cm. 
This is the portion of the X-ray spectrum usually obtained from an ordinary 
X-ray tube excited by a difference of potential of 71,200 volts. Such a dif- 
ference of potential does not produce X-rays shorter than .1820 X 1078 cm. 
and rays longer than about 1.26 X 10-8 cm. are almost completely absorbed 
by the glass walls of the tube. In order to investigate such long waves, specially 
constructed tubes must be employed. 

As the shortest wave-length in the K series of aluminium is 7.98 X 107* cm., 
the range of frequencies in our experiments extends from 6.34 to 43.8 times the 
highest frequency in this K series. 

In making the measurements we used the apparatus described in the Puyst- 
CAL REvIEw for December, 1917, p. 624. This consisted of an X-ray spec- 
trometer with a calcite crystal, the beams of X-ray being defined by two slits 
in lead blocks, which lay between the X-ray tube and the spectrometer. The 
current through the tube came from a high tension transformer connected to a 
system of kenotrons and condensers, which produced approximately a constant 
voltage. During part of the work the difference of potential amounted to 
53,200 volts and during the rest of it, to 71,200 volts. The X-ray tube (kindly 
furnished us by Dr. W. D. Collidge) was similar to the ordinary Coolidge tube, 
except that an aluminium target replaced the usual tungsten target. 

The curves obtained by platting the ionization currents against the grazing 
angles of incidence are, within the errors of measurement, smooth curves 
without such prominences as indicate characteristic rays, except at the follow- 
ing points: 

(a) Near the angles corresponding to A = .622 X 1078 cm. and A = .709 
X 107® appears a pair of well defined prominences, indicating characteristic 
radiation amounting to 2 per cent. and 5 per cent. of the general X-radiation. 
These are undoubtedly due to the characteristic K radiation of molbydenum, 
the wave-lengths of the 8 and a lines of which are .641 X 1078 cm. and .716 X 
10-* cm. respectively, as given by Wooton.! 

(b) There are also prominences near the angles corresponding to A = .975 
X 10-8 cm. A = 1.18 X 10-8 cm. These lie very close to the 6 and a lines in 
the L series of lead. According to Siegbahn and Friman’s tables the wave- 
lengths of the strong B and a lines in the L series of lead are X = .g81 X 1078 
cm., and A = 1.17 X 1078 cm. 
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Part of the Coolidge cathode in the X-ray tube consists of metallic molyb- 
denum so that the presence of the molybdenum lines may be accounted for 
either as coming from a thin layer of metallic molybdenum deposited on the 
target during the construction of the tube, or else as the result of secondary 
radiation from the molybdenum in the cathode producing tertiary radiation 
from the target. 

The lead lines undoubtedly are due to secondary radiation from the lead 
blocks containing the slits through which the X-rays passed before reaching 
the spectrometer. ° 

If the voltage applied to an X-ray tube lies considerably above that required 
to produce the characteristic rays of its target (as is the case here with molyb- 
denum and lead), the characteristic radiation is many times more intense 
than the general radiation in its neighborhood. Further molybdenum and 
lead are far more efficient radiators than aluminium is (their atomic num- 
bers being much higher, 47 and 82 respectively instead of 13 for alumi- 
nium). 

In addition to these prominences there appears a sharp break in the ioniza- 
tion curve at an angle corresponding to A = .3727 X X~* cm. which is the 
characteristic ionization wave-length of iodine. This break is due to the fact 
that methyl-iodide was used as the gas in the ionization chamber. To make sure 
that no radiation characteristic of aluminium occurs near this wave-length, 
we removed the methyl-iodide, and refilled the ionization chamber with 
ethyl-bromide. Under these conditions no prominence nor break appears in 
the curve near A = .3727 X 1078 cm. 

We conclude, therefore, that aluminium possesses no characteristic radiation 
within the range of wave-lengths examined. 


THE SPECTRAL PHOTO-ELECTRIC SENSITIVITY OF SILVER SULPHIDE.! 
By W. W. COBLENTZ AND H. KAHLER. 


OTH the natural mineral acanthite and a laboratory preparation by Mr. 

G. W. Vinal, were examined. The latter material which was hammered 

into a thin plate, was found insensitive photo-electrically, at room temperature, 

but at —157° C. a sharp maximum of photo-electrical sensitivity was observed 
for radiations of wave-length A = 1.05 u. 

At room temperatures the natural crystalline mineral differs from other 
photoelectrically sensitive substances studied in that the photo-electric response 
becomes fatigued and after an exposure of 2 to 3 seconds to light, the positive 
resistance change (galvanometer deflection) begins to be effective. For un- 
limited exposure, the galvanometer deflection returns to about one fourth of its 
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maximum deflection. On removing the light stimulus, the galvanometer 
gives a negative deflection, which in the course of a few minutes returns to the 
original zero scale reading. In other words, the change in resistance of the 
crystal when exposed to radiation, is first negative then positive, the resultant 
change being negative and roughly one fourth the original change. At low 
temperatures, —158° C., this polarization phenomenon disappears, and the 
response to radiation is the same as that of other substances, e. g., selenium 
and molybdenite. 

At room temperature, acanthite has a maximum of photo-electrical sensitivity 
for radiations of wave-length A = 1.354 with a region of high sensitivity at 
0.8 to I pw. 

At —158° C. the sensitivity curve is quite symmetrical with a maximum at 
1.24. Mechanical working of the crystal (hammering it into a thin plate) 
has a marked effect upon this maximum which, in one sample, occurred at 
1.13 to 1.23, depending upon the amount of hammering the crystal had 
undergone. 


BUREAU OF STANDARDS, 
WASHINGTON, D. C., 
February 5, 1919. 


THE CRYSTAL STRUCTURE OF CARBORUNDUM.! 
By A. W. HULL. 


N the December number of the Journal of the American Chemical Society 
Burdick and Owen have described experiments on the crystal structure of 
carborundum. They conclude that the structure is like that of diamond, with 
half of the carbon atoms replaced by silicon, with this exception, that the car- 
bon atoms are not in the centers of the tetrahedra formed by the silicon atoms, 
but are displaced toward the apices of the tetrahedra, corresponding to a lack 
of symmetry in the carbon atom for which we have no other evidence. Their 
conclusions are based entirely upon the relative intensities of the X-ray reflec- 
tions, and their calculations are made in exactly the same manner as those of 
the Braggs on calcite and similar crystals. It is assumed that the scattering 
electrons of each atom are all concentrated at the center of the atom, and that 
some undefined cause produces a “‘normal” fall of intensity in successive orders 
represented by the numbers 100, 20, 7 and 4._ The variations from this normal 
fall of intensity are the basis of the conclusions drawn regarding the positions 
of the atoms. 

Inasmuch as the assumptions on which this analysis is based are certainly 
not valid, it seemed worth while to investigate what variations in intensity 
might be expected from a perfect diamond lattice, composed of atoms having 
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stationary electrons in cubical arrangement, such as have been found to ac- 
count for the intensities of the reflection observed in diamond and crystal 
silicon respectively. The only assumptions made are that the electrons 
are fairly stationary in the positions specified, and that they scatter X-rays 
independently according to classical electromagnetic theory. 

In order to make the conclusions as definite and free from arbitrary assump- 
tions as possible, the C atom is assumed to have exactly the same size and shape 
as in diamond, namely, two electrons very near the nucleus, and four electrons 
at the opposite (tetrahedral) corners of a cube at distances of .77 aengstroms 
from the nucleus; and the silicon atom to be exactly as in crystal silicon, 
except that its four outer electrons are drawn in about seven per cent. It has 
two electrons very near the nucleus, eight at the corners of a cube at distances 
of .15 aengstroms from the nucleus, and the remaining four at opposite (tet- 
rahedral) corners of a larger cube at distances of 1.12 aengstroms from the 
center. The atoms are assumed to be all similarly oriented, with the axes of 
their cubes parallel to the crystallographic axis of the carborundum crystal 
(assumed cubic). The calculations are made in a manner exactly analogous 
to that of the Braggs, applying Darwin’s formula to single electrons. 

The following table gives the intensities calculated in this way for the dif- 
ferent reflections observed by Burdick and Owen. 

The agreement with the experimental values is as good as the data warrants, 
and is fully as good as in Burdick and Owen's calculations. When more exact 
experimental data is available it will probably be found that the arrangement 
of electrons in exact cubes as assumed above is not correct, but that these 
cubes are distorted, at least slightly, by the forces of attraction holding the 
atoms together. 

The facts which it is desired to emphasize here are (1), that the as- 
sumption of simple cubical atoms, that is, atoms composed of a nucleus 
surrounded by stationary electrons in cubical arrangement, accounts com- 
pletely for the observed variation in the intensity of the reflections of different 
orders in the case of ‘‘normal” planes. (2) that in the case of carborundum 
this ‘‘shape factor”’ is capable of explaining completely the observed variations 
from the ‘‘normal” intensity, without assuming any lack of symmetry in the 
arrangement of the atoms. 

The structure of carborundum may therefore be considered, as far as our 
present information goes, to be a lattice exactly like that of diamond, in which 
half the carbon atoms, that is, those belonging to one of the two face-centered 
cubic lattices, are replaced by silicon. Each carbon atom is surrounded by 
two electrons very near its center, plus 8 equidistant electrons, four of its own 
and one each from the four surrounding silicon atoms along the four “chemical 
bonds” joining these silicon atoms to the carbon. These eight electrons form 
an exact cube of side .89 A. around the carbon atom. Each silicon atom has 
two electrons very near its center, surrounded by eight electrons in a cube of 
side .17 aengstroms, surrounded in turn by the four above mentioned electrons 
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Intensity of Lines. 
Reflecting Plane. Order F Refiec- Observed. Calculated. 
on. 
Crystal I. Crystal II. Hull. A. 4 
100 1 100 100 100 100 
2 126 470 47 72 
3 57 196 130 17 
110 1 100 100 100 100 
2 61 38 77 20 
3 22 7 29.2 7 
111 1 100 100 100 100 
2 35 55 18 31 
3 19 38 16 19 
4 13 23 3.2 4 
5 3 a 8 2 
6 1 _ 35 2 
111 1 100 100 100 =| ~—100 
2 35 37 18 7 
3 44 57 16 3 
4 18 14 3.2 | 5 
211 1 100 100 100 100 
2 23 27 38 20 
113 1 100 100 100 100 
2 12 12 18 14 
311 1 100 100 100 100 
2 21 21 18 31 
3 aa 8 10 19 
210 1 100 100 100 100 
2 10 11 14 13 























in tetrahedral arrangement, on the lines joining it to the four nearest carbon 
atoms. The distance of these outer four electrons from the center of the 
silicon atom is 1.12 aengstroms. This is slightly less than their distance, 
1.20 aengstroms, from the centers of silicon atoms in crystal silicon. In 
other words, the atoms of carbon and silicon are about 4 per cent. closer to 
each other in carborundum than would be obtained by packing together carbon 
and silicon atoms of the exact size and shape as found in diamond and crystal 
silicon. This closer approach should correspond to the chemical stability of 
carborundum as compared with diamond and silicon. For simplicity, it has 
been assumed in the above calculations that the carbon atom maintained its 
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exact size, the shrinkage being attributed entirely to the silicon electrons as 
being the more mobile. 
February 14, 1919. 


A PossIBLE RELATION BETWEEN THE RESONANCE POTENTIAL AND SPECIFIC 
INDUCTIVE CAPACITY OF A METALLIC VAPOR AND ITS PROPERTIES IN THE 
SoLip STATE. 


By K. T. Compton. 


ECENT discoveries have shown that the long wave-length limit of pho- 
toelectric sensitiveness of a metal is greater in the solid than in the vapor 
state. In other words, the energy required to liberate an electron from an 
atom of the vapor is greater than that required to liberate an electron from a 
metal. However the work required to extract an electron from the metal is 
strikingly similar to that required to produce the “single line’’ spectrum of 
the vapor. A table is given showing the degree to which these quantities are 
identical, from which it appears that in the case of a majority of the metals 
the discrepancies fall within the limits of experimental error. Theoretical 
considerations indicate that exact coincidence would not be expected even if 
the relation suggested were true. 

If this relation is true, it is suggestive of interesting speculations regarding 
the condition of the electrons in a metal. It would appear that the atoms 
retain practically the same structure as in the vapor state as far as the equi- 
librium orbits lying within that orbit involved in the production of the single 
lined spectrum are concerned, but that an electron outside this orbit becomes 
a “free electron” in that it is not subject to appreciable attractions from the 
parent atom. Thus the work required to extract an electron from a metal is 
very nearly that required to withdraw it from the “single line’’ orbit to the 
one next outside. These considerations are highly speculative at present, 
though it would not be surprising if an attempt to apply the Bohr theory of 
the atom to solids would yield fruitful results. 

Attention is also called to the fact the argument used by the writer to derive 
the ionizing potential of a gas in terms of the specific inductive capacity of the 
gas? applies equally well to the resonance potential, applying to whichever has 
the lower value. Recent published and unpublished data on ionizing and 
resonance potentials and absorption spectra are shown to support the validity 
of the argument as a first approximation. 

PRINCETON UNIVERSITY. 
1 Abstract of a paper presented at the New York meeting of the American Physical Society, 


March 1, 1919. 
2? Puys. REV., 8, p. 412, 1916. 
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THE Law oF ABSORPTION OF HIGH FREQUENCY RADIATION.! 
By ArtTHuUR H. COMPTON. 


4 el law for the absorption of X-rays, that 
= kid}, 


where y is the mass-absorption coefficient, X is the wave-length and & a con- 
stant, has been modified by Barkla to account for the scattering which becomes 
important at very high frequencies. In his expression, 


= kod? + a0 


the mass-scattering coefficient a) was originally considered as a constant, 
having the value 0.2, calculated by J. J. Thomson on the usual electron theory. 
Barkla and White have recently shown, however, that this quantity must 
diminish at short wave-lengths, but were unable to suggest any reason for the 
decrease. 

If the electron is taken as a ring of electricity with a radius comparable 
with the wave-length of very hard X-rays and V-rays, the mass-scattering 
coefficient should vary according to the expression recently proposed by the 
writer, 

2 ¢ 


2 , 

= o4( 1 — 29.615, + 524.25 — 53965, + o- ). (1) 
where go is the mass scattering coefficient as calculated by Thomson, and a is 
the radius of the electronic ring. At the same time the true or fluorescent 
absorption will depend upon the magnitude of the action of the incident radia- 
tion upon the electron. This will diminish for short wave-lengths, since in 
this case different parts of a wave may work against each other in trying to 
pry an electron loose from its fixed position. The energy absorbed in displacing 
an electron may be shown to be proportional to vc. The mass absorption 
coefficient may therefore be represented by 


a =ks Von? +o, (2) 


where ga is the function of a/A represented by equation (1). 

This expression is compared with the experimental values for the absorption 
coefficient of aluminium as given by Hull and Rice, Williams, and Bragg and 
Pierce, and is found to be satisfactory, especially for the short wave-lengths 
where the formulas of Owen and Barkla fail. 

The value of the radius of the electron necessary to give best agreement with 
the experimental values is 1.85 X 10- cm. Unless there is some consistent 
error in the measurements of Hull and Rice, this value is determined within a 
probable error of about 5 per cent. 

1 Abstract of a paper presented at the New York meeting of the American Physical Society, 
March I, I9I9. 
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COLLISIONS OF SLOW MOovING ELECTRONS WITH NITROGEN MOLECULEs.! 
By S. KARRER. 


HE collisions of slow-moving electrons with nitrogen molecules has been 
studied by projecting electrons having known velocities into a retarding 
electric field between two parallel plate electrodes. The variation of the 
current between the electrodes with the distance between them indicates that 
the collisions are inelastic, if the velocity of the electrons is below the resonance 
velocity and the number of collisions per second is not too great. The nature 
of the collisions seems to be somewhat influenced by the rapidity with which 
they follow each other. 
No traces of ionization of nitrogen were observed with electron velocities as 
high as ten volts, a result in accord with the recent report of Davis and Goucher. 
A plane equipotential source of electrons was used. 


PHYSICAL LABORATORY, 
UNIVERSITY OF ILLINOIS. 


THE IONIZING POTENTIALS OF ARGON, NEON AND HE tivum.! 
By H. C. RENTSCHLER. 


HE object of the investigation was to measure the ionizing potentials of 
these gases and to determine whether they show the two types of 
inelastic impact between an electron and an atom of the gas, as found in the 
case of the metallic vapors. The first type of inelastic impact occurs when the 
colliding electron produces a displacement of an electron of the atom without 
detaching the electron from the atom known as the ‘resonance potential.” 
The second type of inelastic impact occurs when the colliding electron pro- 
duces ionization. 

The test for ‘“‘resonance potential’’ was made by the method first used by 
Tate in his work on mercury vapor. 

The ionizing potentials were measured by Lenard’s method, and also by 
measuring the current between a hot tungsten filament and a surrounding 
cylinder as a function of the potential between the cylinder and filament. 

Argon was found to have a resonance potential of about 12 volts and an 
ionizing potential of about 17 volts. 

Neon shows no resonance potential. The ionizing potential was found to be 
about 21 volts instead of 16 as determined by Franck and Hertz. This dif- 
ference is probably due to the greater purity of the neon used in the present 
experiment. 

Helium shows no ‘‘resonance potential.”” The ionizing potential was found 
to be about 27 volts instead of 20 volts as found by Franck and Hertz, Powlow, 
and Bazzoni. This value is in close agreement with Bohr’s theory and also 
with the value calculated by the quantum theory from the limit of the helium 
spectrum measured by Richardson and Bazzoni. 


1 Abstract of a paper presented at the New York meeting of the American Physical Society, 
March 1, 1919. 
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Experiments are described showing the probable cause for the difference 
between the present and former values. 


RESEARCH LABORATORY, 
WESTINGHOUSE LAMP COMPANY. 


NOTE ON THE USE OF THE Hot CATHODE VACUUM TUBE FOR THE MEASURE- 
MENT OF VOLTAGE.! 


By LyNpE P. WHEELER. 


1. Methods Employed.—Two general schemes of connection have been tried. 
In one the voltage to be measured is applied between the grid and the filament 
of a three element tube and the change thus produced in the plate current 
observed. In the other, the voltage is introduced between the plate and fila- 
ment of a two element tube and the resulting change in plate current measured. 
A third method (for higher voltages) in which the voltage is applied between 
the plate and filament of a three element tube and the change in grid current 
measured, is still under investigation. 

2. Results Obtained—Using the first of the above methods it has been 
found possible to devise a compact portable apparatus which serves satis- 
factorily for the measurement of low voltages (up to 50 volts) in A.C. circuits 
of any frequency. Such voltmeters are in every day use in the high frequency 
laboratory of the Sloane Laboratory at Yale University. By the second method 
somewhat higher voltages can be measured, and it is hoped by means of the 
third to extend the range still further. Only the results obtained by the first 
method are discussed in this note. These instruments have been found to 
hold their calibration well, are not too complicated in their manipulation to be 
put into the hands of electrical engineering seniors, and if properly used their 
indications can be made independent of wave form as well as frequency. 

3. Detatls of Operation.—Only the smaller sizes of the high vacuum tube 
used for sending and receiving in radio have been tried. The best plate and 
grid potentials to use vary with the characteristic of the particular tube. 
They are determined (a) by the condition that the grid current must be kept 
very small in order not to draw appreciable energy from the circuit in which 
the voltage is being measured; (b) by the sensibility of the instrument used to 
measure the plate current, (c) by whether it is desired to make the scale of the 
instrument uniform when calibrated in volts. The first condition necessitates 
in general a negative, zero or at most a small positive grid potential. A con- 
siderable range in the choice of plate potential in no way affects the usefulness 
of the contrivance (provided the plate current does not surpass that at the 
upper bend of the characteristic) and enables the second and third conditions 
to be met. Any device for flattening out the characteristic which does not 
introduce inductance in the palte circuit will aid in meeting the third condition. 

1 Abstract of a paper presented at the New York meeting of the American Physical Society, 
March 1, 1919. 
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If care is taken to keep the variations of plate current within the limits of 
the straight portion of the characteristic of the tube, the calibrated scale is 
linear. Also since under these conditions there is no distortion, the impressed 
voltage wave form will be faithfully reproduced. 

The calibration must be carried out on a low frequency A.C. circuit. For 
measurements up to five volts, using tubes such as the V T-1 or V T-11, it has 
been found satisfactory to work with the grid at zero and the plate at one and a 
half volts in connection with a microammeter having a full scale reading of 120. 
With these values of the grid and plate potentials the scale is not quite uniform, 
nor are the readings independent of wave form. The compensating advantages 
are simplicity and that owing to the rectifying action of the tube when so used 
no thermocouple is needed. 

4. Limitations.—These are of two kinds. The first is that imposed by the 
necessity of using two auxiliary batteries. This restricts the portability of the 
contrivance and of course it is essential that each battery should yield a strictly 
constant current. The second lies in the variability of the tubes commercially 
available. Each tube requires individual adjustment, although once a good 
tube has been selected and the working potentials properly adjusted its indi- 
cations seem to be reliable for the best part of the life of the filament. Until 
the manufacture of tubes has been better standardized however, this variability 
is a distinct handicap to the use of these methods of measuring voltage. 


AN INTERFERENTIAL METHOD FOR MEASURING THE EXPANSION OF VERY 
SMALL SAMPLEs.! 


By C. G. PETERS AND IRWIN G. PRIEST. 


HIS paper describes an interferential method for measuring accurately 

the thermal expansion of samples even much smaller than can be used 

in the Fizeau interferential method, which requires three similar pins, usually 

about ten millimeters long or a homogeneous ring about forty millimeters in 

diameter and usually ten millimeters long in the direction of the measured 

expansion. Data are presented relating to single samples about five milli- 

meters in cross section and ten millimeters in the direction of the measured 
expansion. Even smaller samples may be used if necessary. 

The essential novelty of the method lies in the fact that measurements are 
made on the change in width instead of the displacement of interference fringes, 
For a fuller explanation of this, the complete paper must be consulted. 

The new method yields results of the same accuracy as the Fizeau method 
while it has the following advantages over the latter: 

1. Only one small pin is needed for a sample. 

2. Contact errors are decreased and the error due to creeping of the cover 
plates is eliminated. 

1 Abstract of a paper presented at the New York meeting of the American Physical Societ y> 
March 1, 1919. 
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3. The computations are simplified by having the standard and sample 
nearly equal in length. 

4. The trouble of counting the fringes while the temperature is changing is 
eliminated entirely. 

5. The correction for change of refractive index with the density of the air 
is eliminated without evacuating the container. 

6. The method is especially advantageous in determining small differential 
expansions, for the difference in expansion of small samples may be obtained 
directly by carrying them together through the same temperature cycle. 

The complete paper will be published as a Scientific Paper of the Bureau of 
Standards. 


BUREAU OF STANDARDS, 
WASHINGTON, D. C., 
February 14, 1919. 


THE PROPERTIES OF THE ELECTRON AS DERIVED FROM THE CHEMICAL 
PROPERTIES OF THE ELEMENTS.! 


By IrviInG LANGMUIR. 


N a paper soon to appear in the Journal of the American Chemical Society 
a theory of the arrangement of electrons in atoms and molecules will be 
given. This theory explains the periodic properties of all the elements in- 
cluding those of the eighth group and the rare earths. It also meets with 
success in explaining the magnetic properties of the elements. It leads to a 
simple theory of chemical valence applying equally well to polar and to non 
polar substances. In the case of organic compounds the results are identical 
with those of the ordinary valence theory, but with oxygen, nitrogen, chlorine, 
sulphur and phosphorus compounds the new theory applies as well as to organic 
compounds, while the ordinary valence theory fails completely. The so-called 
physical properties such as boiling points, freezing points, electric conductivity, 
etc., are accounted for as easily as the chemical properties. The arrangement 
of electrons even in molecules of nitrogen, carbon monoxide, nitric oxide and 
cyanogen is worked out and explains the properties of these remarkable sub- 
stances. 

The theory is an extension of Lewis’ theory of the “‘cubical atom.’’? 

The very satisfactory agreement between this theory and the enormous 
number of experimental data of organic and inorganic chemistry gives great 
importance to the postulates underlying the theory for these represent the 
conditions which must apparenly be fulfilled if the properties of matter are to 
be explained. Thus far the physicist has studied the electron from a rather 
narrow field of observation. The chemical data now gives much additional 
information about the electron, some of which seems inconsistent with conclu- 
sions resulting from a study of the problem by physical methods. 

1 Abstract of a paper presented at the New York meeting of the American Physical Society, 


March 1, 1919. 
2 Jour. Amer. Chem. Soc. 38, 762, 1916. 
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The theory is based on the following postulates, given here in rather incom- 
plete form. 

1. The electrons in atoms are either stationary or rotate, revolve or oscillate 
about certain definite positions in the atom. In the most stable atoms, namely 
those of the inert gases, the electrons are arranged in pairs symmetrically 
placed with respect to a plane called the equatorial plane. No electrons lie 
in this plane. There is an axis of symmetry (polar axis), perpendicular to his 
plane, through which four secondary planes of symmetry pass forming angles 
of 45° with each other. The atoms as a whole thus have the symmetry of a 
tetragonal crystal. 

2. The electrons in any given atom are distributed through a series of con- 
centric (nearly) spherical shells, all of equal thickness. Thus the mean radii 
of the shells form an arithmetic series 1, 2, 3, 4, and the effective areas are in 
the ratios 1: 2?: 3? :4?. 

3. Each shell is divided into cellular spaces or cells occupying equal areas 
in their respective shells and distributed over the surface, of the shells according 
to the symmetry required by postulate 1. The first shell thus contains 2 cells, 
the second 8, the third 18, and the fourth 32. 

4. Each of the cells in the first shell can contain only one electron, but each 
other cell can contain either one or two electrons. All the inner shells must 
have their full quotas of electrons before the outside shell can contain any. 
No cell in the outside layer can contain two electrons until all the other cells 
in this layer contain at least one. 

The inert gases are those in which all the cells in the outside shell have equal 
numbers of electrons. Thus according to the first four postulates helium has 
two electrons, neon has ten, argon 18, krypton 36, xenon 54, and niton 86. 
All atoms with an atomic number greater than that of helium (2) have as their 
first shell a pair of electrons close to the nucleus. The line connecting the 
two electrons establishes the polar axis for the atom. Neon has in its second 
shell eight electrons, four in each hemisphere (7. e., above and below the equa- 
torial plane), arranged symmetrically about the polar axis. The eight electrons 
are thus nearly at the corners of acube. In argon there are eight more electrons 
in the second shell. In all elements of higher atomic number the second shell 
is like that in argon. Krypton has in its third shell nine electrons in each 
hemisphere symmetrically placed with respect to the polar axis and to the 
four electrons in the second shell. The ninth electron in each hemisphere goes 
into the polar axis. Xenon is like krypton except that it has twice as many 
electrons in its third shell. Niton has sixteen electrons in each hemisphere of 
its fourth shell. These are easily placed symmetrically with respect to the 
polar axis and the eight underlying electrons. 

5. Two electrons in the same cell do not repel nor attract one another with 
strong forces. This probably means that there is a magnetic attraction 
(Parson’s Magneton Theory) which nearly counteracts the electrostatic re- 
pulsion. 

6. When the number of electrons in the outside layer is small, the arrange- 











ee 


ee 
SE REO CaP en NS A 9 ate eg ee ES ee ~— ” wt a — 


302 THE AMERICAN PHYSICAL SOCIETY. a 


ment of the electrons is determined by the (magnetic?) attraction of the under- 
lying electrons. But when the number of electrons increases, especially when 
the layer is nearly complete, the electrostatic repulsion of the underlying elec- 
trons and of those in the outside shell becomes predominant. 

7. This postulate refers to the properties of atoms and need not be considered 
here. 

8. The stable and symmetrical arrangements of electrons corresponding to 
the inert gases are characterized by strong internal and weak external fields 
of force. The smaller the atomic number, the weaker the external field. 

9. The most stable arrangement of electrons is that of the pair in the helium 
atom. A stable pair may also be held by: (a) a single hydrogen nucleus; 
(b) two hydrogen nuclei; (c) a hydrogen nucleus and the kernel of another 
atom; (d) two atomic kernels (very rare). 

10. The next most stable arrangement of electrons is the octet, that is, a 
group of eight electrons like that in the second shell of the neon atom. Any 
atom with atomic number less than eighteen, and which has more than three 
electrons in its outside layer tends to take up enough electrons to complete its 
octet. 

11. Two octets may hold one, two, or sometimes three pairs of electrons in 
common. One octet may share one, two, three or four pairs of its electrons 
with one, two, three or four other octets. One or more pairs of electrons in 
an octet may be shared by the corresponding number of hydrogen nuclei. 
No electron can be shared by more than two octets. 

The results obtained by the use of these postulates are so striking that one 
may safely reason that the results establish the fundamental correctness of the 
postulates. 

How can these results be reconciled with Bohr’s theory and with our usual 
conception of theelectron? Itistoo early to answer. Bohr’s stationary states 
and the cellular structure postulated above have many points of similarity. 
It seems that the electron must be regarded as a complex structure which 
undergoes a series of discontinuous changes while it is being bound by the 
nucleus or kernel of an atom. There seems to be strong evidence that an 
electron can exert magnetic attractions on other electrons in the atom even 
when not revolving about the nucleus of the atom. 


RESEARCH LABORATORY, 
GENERAE ELECTRIC Co., 
SCHENECTADY, N. Y. 


SoME PHYSICAL PROPERTIES OF DENTAL MATERIALS.! 
By C. G. PETERS AND W. H. SOuDER. 


] N carrying out an investigation of dental amalgams, the following properties 
are being considered: thermal expansivity, dimensional changes, and 
crushing strengths. 


1 Abstract of a paper presented at the New York meeting of the American Physical Society, 
March 1, 1919. 
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Thermal Expansion Coefficients—In determining the thermal expansion 
coefficients, a differential interference method, was adopted as the most accu- 
rate and convenient. 

The thermal expansion of different sections of teeth, immersed in a solution, 
determined over the range 20 to 70 degrees centigrade were approximately 
6.5 X10~* per degree centigrade for the root and 10107 for the enamel. 

The coefficient of a specimen of synthetic porcelain tested under similar 
conditions was about 8 X 107%. 

Similar tests on amalgams showed coefficients from 24 to 28 X 107%. The 
critical point near 75° centigrade, discovered by other observers while making 
different tests, was confirmed. 

This differential expansion between tooth structure and amalgam, amounting 
to .2 micron per centimeter per degree centigrade, is thought to be worthy of 
serious consideration, by dental clinicians. 

Dimensional Changes During Amalgamation.—Samples of different amalgams 
were packed in a mold of definite shape such that these would fit the inter- 
ferometer and their changes measured exactly as in the previous case. These 
samples were placed in position in a few minutes after amalgamation and 
observations taken over a period of one to three days. 

Curves plotted to show change in length with time show an initial contrac- 
tion which lasts about 20 minutes and is thought to be due to the specimens 
returning to the equilibrium temperature. This contraction is followed by an 
expansion of from 4 to 8 microns per centimeter at the end of 3 hours. Addi- 
tional changes with time are relatively small. 

Flow Under Continuous Pressure-—Subjecting specimens of amalgam to a 
constant pressure of about 3,000 pounds per square inch (beginning 48 hours 
after amalgamation) caused a flow in all cases. In most instances this was 
less than 2 per cent. at the end of five days. In some cases it caused a change 
of 10 per cent. or caused a rupture of the material. 

It is thought that the rate of application of pressure modifies the crushing 
strength quite materially, 


THE ORIGIN OF THE GENERAL RADIATION SPECTRUM OF X-Rays.! 


By Davin L. WEBSTER. 


T a meeting of this society, four years ago, Duane and Hunt? announced 
the experimental proof that the spectrum of X-rays contained no fre- 
quencies above the value whose quantum is the energy of a cathode ray; and 
I pointed out® the fact that this law meant that the old pulse theory could not 
hold, but that the general radiation, just as much as the characteristic, must 
consist of long trains of continuous waves. Since then the evidence for the 
1 Abstract of a paper presented at the New York meeting of the American Physcial Society, 
March 1, 1919. 


2?'W. Duane and F. H. Hunt, Puys. REv., 6, 166, 1915. 
3D. L. Webster, Puys. REv., 6, 56, 1915. 
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wave train theory has been strengthened by a later analysis showing that for 
an infinitely thin anticathode, not only the derivatives of the intensity, but 
the intensity itself, would be discontinuous at the limit of the spectrum. 

The question suggested by this is, What is the nature of the oscillators 
producing these trains of waves? Are they cathode rays or are they something 
fixed in the atom? If they are cathode rays, we may expect them to show the 
Doppler effect, and with it also, according to the electromagnetic theory, we 
may expect an unsymmetrical distribution of intensity of X-rays as though 
the X-rays were thrown forward by the cathode rays. Such a combination 
of effects was indeed found by Kaye,! in 1909, using very thin targets of Al, 
Cu, Au and Pt. In every case he found more rays thrown forward than back, 
and in most cases the forward rays were more penetrating, showing the higher 
frequency that one would expect from the Doppler effect. With thick targets 
of carbon, the same sort of asymmetry of intensity was found by Stark.? and 
Kirschbaum,’ but they could not be sure of any difference in frequency. 
And in thick targets of Pb investigated by Ham,‘ silver by Miller’ and Pt by 
Kirschbaum,* no asymmetry could be detected. From this we should infer 
that the asymmetry was a property of light elements or thin layers of heavier 
ones, but not of thick layers of heavy ones. Before drawing any conclusions 
we should therefore try to see why the effect is limited in this way. 

One obvious reason for expecting less asymmetry from heavy elements is 
the presence of characteristic rays, which, for various reasons, are likely to be 
uniformly distributed. But this is not enough. Another significant fact is 
that none of the experiments on the limit of the spectrum have shown any 
Doppler effect there, although with the high speeds of cathode rays such an 
effect might be expected even at angles not much different from a right angle 
from the cathode rays. This indicates that the highest frequencies emitted 
are emitted by electrons that have already lost all their velocity before emitting, 
although they were necessarily the fastest ones present at all when they struck 
the atoms that caused the emission. If so, the electrons that emit while in 
motion are therefore those that emit lower frequencies than the highest they 
are capable of, or in other words the lower frequencies will only show asym- 
metry when produced by electrons whose energy is initially much greater 
than the quanta for those frequencies. With aluminum, which gives no errors 
from characteristic rays, exactly this effect was found by Kaye, since the softer 
components of-a hard beam showed more asymmetry than the harder ones. 
This explains at once why thick targets show less asymmetry than thin ones. 
They contain cathode rays of low velocity, and a large proportion of their low 
frequency X-rays are due to these cathode rays. And it also explains why 

1G. W. C. Kaye, Proc. Camb. Phil. Soc., 15, 269, 1909. 

2 J. Stark, Phys. Zeitschr., 10, 902, 1909. 

3H. Kirschbaum, Ann. der Phys., 46, 85, 1915. 

4W.R. Ham, Puys. REv., 30, 96, 1910. 

5F. C. Miller, Franklin Inst. Journal, 1712, 457, 1910. 

5 Loc. cit. 
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heavy elements show less asymmetry than light ones if we may assume that 
their atomic electrons are bound more firmly and are less easy for the cathode 
rays to dislodge and move in their own direction, and their more powerful 
nuclei will cause greater scattering of the moving electrons. 

This brings the experiments into line with each other, but leaves us with 
two very startling conclusions. First, that electrons can radiate continuous 
wave trains while in rapid forward motion; and second, that when an electron 
radiates all its energy, it stops first and radiates after stopping. If the electron 
is in motion, and moves the diameter of an atom while radiating a wave train, 
where does it get the elastic force under which it vibrates? How can it carry 
its elastic restoring force and whole vibrating mechanism with it for such a 
distance? And if an electron does radiate all its energy, as at the high fre- 
quency limit of the spectrum, and must stop first, before radiating, where is 
its energy after its forward motion has stopped but before it radiates? These 
questions seem very hard to answer on the hypothesis that the only properties 
of the electron are those of a small uniformly charged sphere. 

But they are easily answered by the theory of heat radiation that I developed 
some time ago on the basis of a modified form of the Parson magneton.! For 
in this theory the electron is a thin conducting ring and the emitting oscillation 
is that of the electricity on the ring, and this oscillation can occur without the 
help of elastic forces from outside, as it must when the electron is moving. 
The magneton also provides for the disposal of the energy between the stoppage 
of the cathode ray and the radiation of the X-rays, transforming it into energy 
of the oscillation. And it explains why, if all the energy of translation of the 
cathode ray has gone into the electric oscillation it will be radiated from a sta- 
tionary center, but if only part of it goes into the oscillation, the translational 
motion will continue during the oscillation and cause the observed asymmetry. 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 


CAMBRIDGE, MASS., 
March 1, 1919. 


NoTE ON BoMB TRAJECTORIES.? 
By EpwIn B. WILSON. 


HE trajectory in vacuo would be a parabola of which the equation is 
y = gx*/2uo, if up be the initial velocity (supposed horizontal) of the 
bomb. It is possible to make a simple approximation to the path when the 
resistance of the air is taken into account. 
Namely: 
gx? gx? 
2u0? 3uo? UV?’ 
1A. L. Parson, Smithsonian Miscellaneous Collections, 65, rz, 1, 1915. D. L. Webster, 


Proc. Amer. Acad., 50, 131, I915. 
2 Abstract of a paper presented at the New York meeting of the American Physical Society, 


March 1, 1919. 
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where U is the limiting velocity of the bomb and where it must be assumed that 
the length of the path of the trajectory is not over one or two thousand feet. 
The equation may be solved for x in terms of y, or rather in terms of the square 
root of y, with the result 


The first term in this expression represents the horizontal travel of the bomb 
in vacuo during a drop of amount y and the second term represents the distance 
that the bomb is retarded relative to the parabolic path by the action of the 
air supposed to resist according to the ordinary law of the square of the velocity. 
The approximation is good only when V2yg/3- uo/ U? is small. If the limiting 
velocity of the bomb is 900 feet per second and the initial velocity is 100 feet 
per second, the correction remains small for very considerable lengths of drop 
y—in fact, for lengths much greater than appear valid for approximations 
previously introduced in the work. 


‘ 


ON THE RELATION BETWEEN THE K SERIES AND THE L SERIES OF X-Rays. 
By WILLIAM DUANE AND TAKEO SHIMIZU. 


OME years ago Kossel called attention to the fact that the difference be- 
tween the frequencies of the 8 and a lines in the K series of X-rays char- 
acteristic of a chemical element very nearly equals the frequency of one of the 
strong lines in the L series of that element. Since then the relation between the 
two series of X-rays has been the subject of considerable discussion, especially 
with regard to its bearing on the modern theories of the structure of the atom 
and of the mechanism that produces characteristic line spectra. Kossel’s 
equation cannot represent a general relation between the lines in the K series 
and those in the L series, however, for the L series*contains many more lines 
than the K series contains. 

In the researches described in this paper we have endeavored to measure 
the absorption and emission frequencies characteristic of tungsten in both the 
K and the L series, using the same calcite X-ray spectrometer throughout the 
work. 

In the experiments on emission lines the X-rays came from the tungsten 
target of an ordinary Coolidge tube, but in most of the experiments on absorp- 
tion we replaced this tube with one containing a molybdenum target, and in- 
serted a thin layer of potassium tungstate between the tube and the spec- 
trometer. 

In each experiment the current exciting the X-ray tube came from a high 
tension transformer with a system of condensers and kenotrons attached to it 
for producing approximately a constant difference of potential. 

In order to avoid errors due to the penetration of the X-rays into the crystal 


1 Abstract of a paper presented at the New York meeting of the American Physical Society, 
March 1, 1919. 
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we placed the two narrow slits that define the X-ray beam between the X-ray 
tube and the spectrometer. 

The curves shown in the lantern slides represent the ionization currents as 
functions of the readings of one of the verniers attached to the crystal table. 

To avoid making an accurate determination of the zero point directly 
readings were taken on both sides of the zero line of the spectrometer. 

The curves on the first slide represent the K series of lines in both the first 
and the second order spectra. To produce the K series in tungsten requires 
a difference of potential greater than 69,200 volts applied to the X-ray tube, 
and in order that the peaks on the curves that represent characteristic lines 
should be well marked we employed a difference of potential of 100,000 volts. 

The curves show the following characteristics: 

(a) At the angles corresponding to X = .1785 X 107® cm. (calculated from 
the grazing angle of incidence @ by the formula 


nd = 6.056 X 107-8 X sin 6) 


appear sharp drops in the curves. This, then, is the characteristic absorption 
wave-length of tungsten in the K series. 

(b) At the angles corresponding to A = .2087 X 107-® cm. and A = .2134 
X 1078 cm. occur two sharp peaks completely separated from each other. 
These are the wave lengths of the two emission lines a; and a: in the K series. 
The peak corresponding to a2 does not appear to be quite symmetrical. It is 
slightly broader on the long-wave length side than on the short, suggesting 
that there may be a weak line a; very close to a2, with a wave-length of about 
.214 X 10-8§cm. There is also a well defined peak at the angle corresponding 
to X = .1842 X 1078 cm. (the B line in the K series), and a slight elevation 
close to the absorption drop (a ¥ line in the K series). 

In the neighborhood of the peaks readings were taken 15” of arc apart; and, 
since the double grazing angle is about 4°, an error of 15” in estimating the 
point of a peak would produce an error of 1/10 per cent. in the value of A. 
If the same error were made in corresponding peaks on the two sides, an error 
1/5 per cent. would result. 

The curves representing experiments with a molybdenum target and a 
tungsten absorbing screen show marked breaks at A = .1785 X 107* cm., 
X = 1.230 X 107* cm. (strong) and A = 1.08 X 107* cm. (medium) and a less 
well defined break at X = 1.025 X 10-8 cm. The first is the characteristic K 
absorption wave-length, and the other three are the characteristic L absorption 
wave-lengths of tungsten. 

The following table contains the frequencies of vibration calculated from 
the wave-lengths obtained from the curves. 


Emission and Absorption Frequencies of Tungsten X 10-*%, (Probable error + 0.003.) 
K Absorption Frequencies. 


Pies GOReT GURU CHIE 6 onc 6 ccs dssecnesss 1.680 
First order molybdenum target................. 1.679 
Second order molybdenum target............... 1.681 


PII a 5 <a h as seen sesieenrcktesnewes = 1.680 
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L Absorption Frequencies. 


Strong v1 = .2438 
Medium vz = .2773 
Weak = vs: = .2922 


K Emission Frequencies. 





8 a az as 
Medium Strong Medium Weak 
eee 1.628 re 1.435 1.405 1.40? 
rr 1.437 1.405 1.40? 
ere 1.436 1.405 1.40? 
Relation between K Series and L Series. 
Absorption Emission 

y—n = 1.436 Va, = 1.436 

vy — ve = 1.403 Vag = 1.405 

vy — vs = 1.388 Vaz = 1.40? 


It appears from the last five lines in the table that the difference between the 
K absorption frequency and one of the L absorption frequencies equals one of the 
a emission frequencies in the K series to within the limits of error of the measure- 
ments. Further, if we subtract the strong L absorption frequency »; from the 
K absorption frequency v we get the frequency of the strong a; line, if we sub- 
tract the medium L absorption frequency v2 from v we get the frequency of the 
medium K emission line a: and, if we use the weak L absorption frequency we 
get the third a line in the K series, a3. 

The curve representing experiments with a tungsten target shows about 12 
lines in the L series between A = 1.2 X 1078 cm. and A = 1.50 X 1078 cm. 
Six of these lines can be accounted for by an extension of the above law, that 
an emission frequency is the difference between two absorption frequencies, 
if we assume the existence of two M absorption wave-lengths between A = 
6 X 10-8 cm. and A = 7.5 X 10-* cm. Such M absorption wave-lengths 
would account, also, for the presence of the 6 line in the K emission series. 

If the above law proves to be of general applicability, characteristic absorp- 
tion frequencies similar to those of X-rays should be sought for in other parts 
of the spectrum (the visible and ultra-violet, etc.). Characteristic X-ray 
absorption frequencies are quite different from the absorption lines that obey 
Kirchoff’s law. 

It is unnecessary to lay further stress upon the importance of this absorption- 
emission relation in speculations on the structure of matter and on the mech- 
anism of the absorption and emission of radiation. 


TEMPERATURE COEFFICIENT OF RESISTENCE OF MOLYBDENUM.! 
By E. C. BLom. 


HESE experiments were conducted to determine the temperature coeffi- 
cient of resistance of molybdenum over a greater range of temperature 
than had previously been recorded. 


1 Abstract of a paper presented at the New York meeting of the American Physical Society, 
March 1, I919. 
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Some 10 mil (0.254 mm.) drawn molybdenum wire was made into lamps. 
The filament length of one group of these was 150 mm. while that of the other 
was 120 mm. With everything else the same, this gave a filament length 
difference of 30 mm., which was used for all resistance calculations. 

For the temperature from 0° C. to 30° C. the lamps were immersed in a 
water-bath until constant conditions were reached. The resistance was then 
measured with a Wheatstone Bridge. The temperature was measured with a 
calibrated thermometer. Over the range 800° C. to 2000° C. the temperature 


Axe 





coed vy) beo nn 


Fig. 1. 


was measured with both brightness and color match optical pyrometers. 
Direct current was used to light the lamps and the resistance was determined 
by measuring volts and amperes with laboratory standard instruments, For 
the interval 30° C. to 300° C., the bulbs were removed, and the filaments 
immersed in a paraffine bath where again the temperature was measured with a 
calibrated thermometer and the resistance measured with the bridge. The 
interval 300° C. to 800° C. was not covered but the results up to 300° C. and 
beyond 800° C. ran so evenly that it seems plausible to assume that the curve 
which fits those temperatures already covered will fit the others also. 

The accompanying curve gives a summary of the results obtained. The 
following empirical equation was found to yield the correct values: 


R.107 = 44 + 0.177¢ + 0.0000532?, 


where ¢ is in °C and R in ohms per cm.* 


PuHysIcAL LABORATORY, 
WESTINGHOUSE Lamp Co., 
BLOOMFIELD, N. J., 
February II, 1919. 
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SoME PHOTOELECTRIC LECTURE EXPERIMENTS 


By Jacos KuUNz. 


N a short article on the photoelectric relay in the Electrical World, Vol. 66, 
p. 934, October, 1915, the writer has indicated some simple experiments 
with the photoelectric cell and the three electrode photoelectric relay. Three 
more experiments will here be indicated by which some properties of the 
photoelectric cell can be demonstrated. 
The tube A represents a photoelectric cell containing potassium sensitized 
with hydrogen and argon. The argon is used at such a pressure that the 











Fig. 1. 


maximum sensitiveness of the cell for 130 volts, for instance, is surpassed, 
B represents a spectroscopic tube and C a bulb containing charcoal. Now for 
a given tube the photoelectric current depends essentially on three independent 
variables: the intensity of light, the potential difference, and the gas pressure. 
Let us start with a certain light intensity, for instance, with an incandescent 
lamp of 16 candlepower at a distance of two meters, with a certain pressure 
and a potential difference of 80 volts. We shall find in the galvanometer a 
certain deflection which will increase with increasing potential difference, 
first slowly, later very rapidly until the gas begins to glow. This point should 
not be reached with the ordinary cells, because the sensitiveness of potassium 
cells as a rule decreases when the glow occurs. 

In a second experiment let us keep the potential difference, say 110 volts. 
and the gas pressure constant, and increase the intensity of light. The current 
is proportional to the illumination. Many photoelectric cells have been con- 
structed in which this proportionality does not hold. The current may either 
increase more slowly or more quickly than the illumination. If the current 
approaches a saturation value with increasing illumination, it is apparently due 
to volume charges; and if it increases more rapidly than the illumination it is 
due to the fact that the gas approaches the glowing stage, which depends on 
the pressure, potential difference and illumination, like the photoelectric current 
itself. 

In a third experiment let us keep the illumination and the potential difference 
constant and vary the pressure by putting the charcoal into liquid air. As 
the argon is absorbed the photoelectric current will at first increase, reach a 
maximum, then decrease and become very small when all the argon is absorbed. 


1 Abstract of a paper presented at the New York meeting of the American Physical Society, 
March 1, 1919. 
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The absorption of the argon can be seen in the changes of the light in the tube 
B. When the liquid air is withdrawn, argon is emitted, the photoelectric 
current passes through the same maximum as before and falls off to the initial 
small value (Stoletow’s law). 

The point at which the gas of the photoelectric cell becomes luminous de- 
pends on the potential difference, the intensity of illumination and the gas 
pressure. If for a certain pressure and potential difference we approach the 
source of light, suddenly the gas begins to glow, and of course continues to 
glow when the light is withdrawn. This beautiful experiment is interesting 
insofar as it shows that an increase of the number of electrons emitted from the 
metal leads to such an increase in ionization that luminous discharge occurs in 
which the current rises enormously over the value attained without glow. 
The photoelectric cell becomes a fairly good source of cold light. In such 
experiments the sensitive layer changes considerably and it is better to use 
two different tubes for this set of experiments and for the previous set, which 
does not lead to glow discharge. 

If we place a rotating sector disc between the source of light and the photo- 
electric current, amplify the current by means of an audion as shown by E. 
Pike in a recent article in the PHysICcAL REVIEW, and use a telephone instead 
of a galvanometer in the secondary of the audion, then we can hear the source 
of light, even a very weak source, quite distinctly. This principle may be 
used in an instrument by which a blind man may hear the letters of a printed 
page. 

UNIVERSITY OF ILLINOIS, 


URBANA, ILLINOIS. 
January II, 1919. 


ON THE MEASUREMENT OF THE DETECTION COEFFICIENT OF THERMIONIC 
Vacuum TuBEs.! 


By H. J. VAN DER BIL. 


HE relation between current and voltage in thermionic tubes of the 
audion type, can be represented by 


(1) r=s(tzEe+22.), 


where 2Ez and ZE, are the potentials of the anode and grid with respect to the 
filament. The function f is non-linear and hence the device can be used as a 
radio detector. If, for example, a varying e.m.f. e, be impressed between 
filament and grid, the varying current 7 in the circuit connecting anode and 
filament can be represented by a simple convergent power series: 


(2) 4 = aye + age? + ase® + --- 
In order to properly design tubes it is necessary to know the relation between 


1 Abstract of a paper presented at the New York meeting of the American Physical Society, 
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the coefficients a;, d2:-+* and the structural parameters of the tube. This 
requires a knowledge of the form of the function f. When using the tube as an 
amplifier f can be given a simple quadratic form. This is, however, not suffi- 
ciently accurate for purposes of radio detection which is determined by the 
second derivative of the characteristic, 7. e., by the coefficient a2 of the above 
series. The problem we want to consider here is the direct determination of 
a2, which may be called the detection coefficient. The difficulty of this deter- 


‘toa 


Fig. 1. 




















mination lies in the necessity for measuring extremely small alternating cur- 
rents,—ranging from 10-* to 10-*amp. The use of hot wire meters is therefore 
entirely out of the question. Hence the method shown in the accompanying 
diagram was used. 

The input voltage impressed on the tube at C ranged from a few hundredths 
to a few tenths of a volt, and was measured with the Duddell galvanometer G. 
It was of the form 


(3) e = Asin pt (1 + sin gt) 


i. €., it was a voltage of high frequency p/27 completely modulated by a voltage 
of frequency g/2m lying within the audible range. If (3) be inserted in the 
second term of (2) the resulting current will be seen to have an audible com- 
ponent of frequency g/2m which can be heard in the telephone receiver T. 
In order to measure this current the generator U is used to give a current of 
the same frequency as that in the receiver and which is strong enough to be 
measured with a thermo-couple and microammeter A. In fact, the same 
generator supplied the current used to modulate the high frequency input. 
This current is then attenuated by means of the shunt S until the intensity of 
the note in the receiver is the same for both positions of the switch W. Know- 
ing the value of the shunt S the current 7 in the receiver can be computed from 
4; as measured by A. This shunt is so designed that for all its adjustments 
the impedance into which the generator U works is constant, so that 7; remains 
constant. 
For convenience in representing the results we can put 


1H. J. Van der Bijl, Puys. REV., 12, p. 171, 1918. 
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(4) d= log, 


where d can be previously determined for any combination of shunt and series 
resistances of the shunt S. Since the audible current 7 in the output of the 
detector is given by 


(5) i = ae? 
we get 
(6) d = — 2 loge + (log 4; — log az). 


The accuracy with which this relation holds is shown in the diagram, the 
circles and crosses indicating measurements made by two different observers. 
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Since 7; is large enough to be measured with the thermo-couple and microam- 
meter A the detection coefficient az can be obtained from the intercept of the 
line. 

The detector used in these experiments was a standard Western Electric 
tube of the type that was designed specially for aéroplane radio telephone 
service. Its detecting efficiency had not changed to any noticeable extent 
over a period of more than seven months, during which time it was in frequent 
use. In these experiments the operating voltages were not adjusted to give 
the best efficiency. 

From these results the detection coefficient was found to be 36 X 10-* amp./ 
(volt)?, the resistance of the receiver being 6,400 ohms. This corresponds to a 
power dissipation in the receiver of 8.3 X 107* watt/(volt)*. An idea of this 
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amount of power in the receiver can be obtained by noting that the minimum 
power dissipation necessary in this receiver to give a sound that just barely 
enables one to distinguish signals is about 3 X 107! watt. 


RESEARCH LABORATORY OF THE WESTERN ELEctTRIC Co., INC., 
NEw York Clty. 
February, 1919. 


A NEw FoRMULA FOR THE SPECTRAL DISTRIBUTION OF ENERGY FROM A 
COMPLETE RADIATOR.! 


By IRWIN G. PRIEST. 


HE radiant energy from a complete radiator (“black body’’) may be 
expressed as a function of temperature and wavelength by the following 
empiric formula which does not appear to have been noticed heretofore: 


E, = D; The—Dal 4-4-4]? (1) 
where 
E, = energy of wave-length A in the same sense as in the Planck equation. 
D, and D, are empiric constants. 


T = absolute temperature in degrees Kelvin. 

A = Wien displacement constant in micron degrees. (A = m7, where 
Am = wave-length of maximum energy.) 

X = wave-length in microns. 


From equation 1, we have for relative energy at any temperature 


E) = -}]? 
E,, === ePel4 $-(A7) P 
wr =F (2) 


where E,, = maximum energy, of wave-length Am. 

This formula was originally obtained. as an empiric approximation to the 
Planck formula by graphic transformations of the latter. It was later found, 
for Dz = 4481 and A = 2940, that this formula represents some of the best of 
Coblentz’ experimental distribution data better than the Planck formula can 
represent them for any value of A and the corresponding value of C2 (C2 = 
4.965A). This conclusion may be verified by reference to the accompanying 
table. 

The proposed -equation includes all of the following previously recognized 
radiation laws, each of which may be derived from it: 

1. The Wien displacement law. 

The special case of Wien’s displacement law (Agax J = A) may be inferred 
from inspection of the equation (1 or 2) for condition of maximum &), viz: 
A-3 — (AT)7/3 = zero. 

Further, the following equation may be derived from equation 2: 


1 Abstract of a paper presented at the New York meeting of the American Physical Society, 
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AT = ; |° (3) 


loge Ey ’ 
=} coe ene 
A + \ De 


which is in accord with the general case of Wien’s law. 

2. The law that the maximum energy is proportional to the fifth power of 
the absolute temperature. 

This may be seen by inspection of the equation for the condition 





A 
A=An = T°: 
3. The empiric Stefan law that total energy (integral with respect to wave- 
_ length) is proportional to the fourth power of absolute temperature. 

This follows from the fact that the definite integral between any wave-length 
limits for equal values of E,, > 0.33 X 10 is proportional to the fourth 
power of temperature. 

From the experimental point of view, therefore, the proposed equation 
accords with the fourth power law just as well as the Planck equation does. 

However, the theoretical Stefan-Boltzmann law that the definite integral 
with respect to wave-length between zero and infinity is proportional to the 
fourth power of absolute temperature can not be derived from this equation, 
because E/E, has a finite although very small value (0.33 X 107°) for AT = 
infinity. ‘ 

Another interesting property of the proposed equation is the fact that it has 
precisely the form of the well known equation of the “probability curve.” 
If E,, (equation 2) be plotted as ordinate against Vi/A or V300/A (cube root 
of frequency) as abscissa, the resulting curve is strictly symmetrical about the 
maximum ordinate. It is possible that this is the mathematical essence of 
what may be sometime recognized as a theoretical law of radiation. 

If the general validity of this equation as representative of experimental 
data be admitted, the law of symmetry just mentioned provides a very simple 
method of determining the wave-length of maximum energy from an isothermal 
curve. 

Graphically, the intersection of the axis of symmetry with the abscissa scale 
gives ViP\m from which X\, may be found directly. Or, by algebraic solution, 


en CTE) 


where \; and A; are any wave-lengths for equal relative energy. 

The departures of the proposed formula from the corresponding formulas of 
Wien and Planck for various values of XT may be seen in the accompanying 
table. It will be noticed: 

1. Throughout the region best known by experimental investigation, it does 
not depart much from the Planck formula, although it approximates closer to 
the experimental data. 
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2. The curve of the proposed equation intersects the Planck curve at a 
point in the “ Reststrallung”’ region (AT = about 60,000). 

For numerical evaluation this formula is more convenient than the Planck 
formula. 

The author has no theoretical basis for proposing this equation; but recalling 
that the Planck equation was first are empiric relation to which theory was 
later forced to conform, he has thought that it might be worthy of notice and 
perhaps of some theoretical consideration by others. 

P.S. April 18, 1919.—A second abstract giving a revised value of the con- 
stant D? on the basis of isochromatic data, will appear in the Proceedings of 
the Physical Society, Washington Meeting, April 25-26, 1919. 

NATIONAL BUREAU OF STANDARDS, 
February 25, 1919. 


ON THE MEASUREMENT OF THE TRUE BAROMETRIC PRESSURE IN A RAPIDLY 
MoviInc CURRENT OF AIR.! 


By J. G. COFFIN. 


HE accuracy of the measurement of barometric pressure in rapidly 
moving airplanes is open to serious question. 

If a body of any shape is moving rapidly through the air, there are regions 
on the surface of it which receive an aérodynamic pressure greater than the 
normal static or barometric pressure and there are also regions under smaller 
pressure than normal. 

For a sphere, for example, the pressure variation is shown in Fig. 1, where 
radial distances outside the circle represent pressures in excess of normal and 
radial distances inside represent pressures less than normal. The radius, 
therefore, represents true barometric pressure, but not necessarily to scale. 


WIND 











Fig l 


It is seen that there is an excess pressure on the nose where the air strikes 
the sphere directly and that at points on a circle of which AB is the trace there 
exists exactly normal pressure. At points aft of AB the pressure is below 
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normal and on the sides reaches values as much or more under normal than 
the values over normal at the nose. Any form of barometric instrument must 
necessarily be open to the air whose pressure it is to measure, hence the position 
of the opening or openings is of importance. 

For example, at 60 miles per hour the total possible error may be as much as 
corresponds to an altitude of 240 feet and at 120 miles per hour, a usual speed 
at the present time, it can be nearly 1,000 feet! 

This difficulty cannot be met by placing the barometer in any other receptacle 
or in particular, inside the fusilage; as the outside container must also be open 
to the air and as before the instrument will measure the total pressure obtaining 
at this opening. 

In order to overcome the difficulty Dr. Zahm proposed, some years ago, to 
surround the barometer with a streamline body with a small opening at a 
point corresponding to a point on the circle AB on the sphere; that is at the 
point of zero aérodynamic pressure. 

As is seen from Fig. 1, the rate change of aérodynamic pressure due to slight 
displacements along the surface is a maximum and any slight change in the 
air flow would cause large variations in the registered pressure. There could 
also be a large constant error due to initial uncertainty in the knowledge of the 
_actual direction of air flow where the body is attached. 

It occured to the writer that these objections could be overcome by placing 
the barograph inside of a small sphere which is fully exposed to the airstream 
and connecting its hermetically tight case to a small opening in the sphere.! 
If this sphere be now rotated by clockwork or other means at a uniform angular 
speed the opening will be carried around in a horizontal great circle and the 
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barograph will register all the pressures, of course, passing through normal 
pressure two (or more) times per revolution. 

The trace registered will be similar to Fig. 2. 

From experiments made in the Curtiss Wind Tunnels at Garden City it is 
found that the zero points A and B remain fixed at all speeds experimented 
with. On the other hand, the change in speed produces an enlargement of the 


1 The barograph can, of course, also be connected to this opening by means of an air tight 
tube and be placed in any convenient location for observation. 
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pressure scale and the pressures follow exactly the same law as if registered 
with a Pitot tube of standard design. 

It is a simple matter to calibrate such an instrument and draw the line CD, 
representing true barometric pressure, so that this troublesome problem is 
completely solved. 

As a by-product of this idea we obtain the following advantages: If a baro- 
graph of this type is placed on an airplane and the trace examined on its return 
from a flight, this trace will show the true barometric pressure at every instant 
during the flight, the amplitude of the variations in the trace, will show at 
every instant the speed of the airplane and as equal periods are marked off on 
the graph by the rotations of the sphere, the slope of the graph will show the 
rate of climb at every instant so that this single trace contains a complete record 
of the performance of the airplane. 


RESEARCH DEPARTMENT, 
CuRTISS ENGINEERING CORPORATION, 
GARDEN Cirty, L. I. 


THE FUNCTION OF PHASE DIFFERENCE IN THE BINAURAL LOCATION OF PURE 
TONEs.! 


By R. V. L. HarTLey. 


HE location of a source emitting a pure tone is a binaural process de- 

pending upon differences in the intensity and phase of the sounds at 

the two ears. Considerable experimental work has been done in which the 

intensities were kept equal and only the phases varied. A good review of 
this has been given by Stewart.! 

If the observed location effects are the result of the listener’s subconsciously 
perceiving the phase difference and associating it with past experiences in which 
he has encountered the same phase difference when the position of the source 
was known; it should: be possible to trace a correlation between these experi- 
mental sound images and the positions of sources which would cause the phase 
differences used in producing the images. 

Using a method due to Stokes,? Stewart® and, more recently, T. C. Fry of 
the Western Electric Co. have made calculations, from which, on the assump- 
tion that the head is a rigid sphere with the ears on a horizontal great circle, 
it is possible to plot the phase difference, P, against the lateral angular dis- 
placement of the source, for various distances and frequencies of the source. 
We have then to compare the direction corresponding to a particular phase 
difference, as given by the curves, with the direction of the image obtained 
experimentally with that phase difference. 

1 Abstract of a paper presented at the New York meeting of the American Physical Society, 
March 1, I919. 

2G. W. Stewart, Puys. REv., June, 1917, p. 502. 


3 Lord Rayleigh, Theory of Sound, Ch. 17. 
4G. W. Stewart, Puys. REV., 1914, 4, p. 252. 
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The agreement revealed by this comparison is striking. The curves account 
for the rotation of the image, with continuously varying P, that is observed 
at frequencies below about 600 cycles, including its motion toward the ear, 
followed by a range of more or less uncertainty, just before P reaches 180°. 
They also indicate that the value of P for maximum lateral displacement 
increases with the frequency as Bowlker' has observed. This value reaches 
180° for about 600 cycles. Above that frequency, the curves indicate the 
appearance of a second image on the opposite side. At first this is present 
only for values of P near 180°, but with increasing frequency, it extends to 
smaller values, finally covering the whole cycle. A third image then appears 
near P = 0, and so on for still higher frequencies. This accounts for the 
generally observed falling off in the definiteness of the image with increasing 
frequency above about 600 cycles. Bowlker however was able to distinguish 
as many as three simultaneous images, and his description of them shows an 
agreement with those deduced from the theoretical curves which is remarkable 
considering the assumptions involved. 

This general correlation constitutes strong evidence in favor of the theory 
of direct perception of phase in sound location. 


RESEARCH LABORATORY OF THE 
WESTERN ELECTRIC COMPANY, INC. 


1T. J. Bowlker, Phil. Mag., (6), 15, p. 318, 1908. 





